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by Rachel Diane White 
 
In the past two decades, an appreciation of the extraordinary properties of nanotubular 
materials has led to the discovery and investigation of many different nanotubes. A wide 
variety of nanotubes can be synthesised using scalable hydrothermal techniques, but 
understanding of the synthesis mechanisms is often limited. This research is concerned 
with manipulating the  synthesis conditions of metal oxide and silicate nanotubes in 
order  to  improve  understanding  of  the  underlying  synthesis  mechanism,  and 
investigating the properties of the nanotubes as hydrogen storage materials. 
 
  This thesis presents experimental results for the syntheses of aluminium silicate, nickel 
silicate  and  vanadium  oxide  multiwalled  nanotubes  under  controlled  hydrothermal 
conditions. A novel synthesis method at 220 ºC, pH 2 was developed for Al2Si2O5(OH)4 
nanotubes through substitution of a mole fraction of SiO2 with GeO2 in the precursor 
SiO2 + Al(OH)3 suspension. An ideal Ni/Si molar ratio of 1.5 was demonstrated in the 
synthesis  of  Ni3Si2O5(OH)4  nanotubes  at  195  ºC.  It  was  shown  that  increasing  the 
concentration of NaOH widens the length distribution and increases the average length 
of  the  nanotubes.  Variable  temperature  experiments  with  vanadium  oxide 
nanostructures revealed a low temperature route for the synthesis of flexible elongated 
VOx  nanosheets  under  reflux  (90  ºC)  in  an  ethylenediamine-water  mixture.  The 
hydrothermal  experiments  revealed  important  details  about  the  nanotube  formation 
mechanisms, including the scrolling mode of nanosheets into nanotubes, which occurs 
in a specific crystallographic direction relative to the nanosheet growth axis.  
 
  Subsequent  investigations  into  the  room  temperature  stability  of  Al2Si2O5(OH)4 
nanotubes under aqueous acidic and alkaline conditions revealed significant dissolution 
within 10 days in 1 mol dm
-3 NaOH, H2SO4 and HCl solutions, initiated  at the inner 
surface. The effect of acid or alkali concentration on the initial dissolution rate was 
measured, and the dissolution mechanism discussed. Acid treatment was shown to be an 
effective method for increasing nanotube surface area. 
 
  Investigations  into  the  hydrogen  adsorption  properties  of  metal  oxide  nanotubes 
revealed weak adsorption of hydrogen at 77 – 298 K up to 150 bars (15 MPa) pressure. 
Temperature-corrected  adsorption  isotherms  for  adsorbing  H2TinO2n+1  (titanate),  Ge- 
Al2GeO3(OH)4  and  Ni3Si2O5(OH)4  nanotubes  were  compared  with  M3[Fe(CN)6]2 
Prussian-blue analogues, and dimensions of the adsorbed hydrogen layer were derived 
using the Langmuir-Freundlich model.       
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Chapter 1:  Introduction 
 
1.1.  Background and Motivation 
 
Engineering of materials on the nanoscale is becoming an increasingly important area of 
research, due to the potential of nanomaterials to drive the miniaturisation of technology 
and  impart  unique  electrical,  physical  or  optical  properties  to  materials.
  [1] 
Nanostructured materials have “an internal or surface structure on the nanoscale”,
 which 
is between 1 – 100 nm. 
[2] A wide variety of shapes (morphologies) can be found in both 
synthetic  and  natural  nanostructured  materials,  including  solid  or  hollow polyhedra, 
cylinders, spheres, and irregular shapes. These are named according to their geometry or 
appearance, to which the prefix nano- is added (Figure 1.1). This thesis focuses on the 
synthesis,  properties and applications  of  cylindrical  tube-shaped particles, known  as 
nanotubes (Figure 1.1e). The wall of the nanotube can be a single- or multi-layered 
single-crystal, or can be made of several crystals joined together (polycrystalline). 
 
 
Figure    1.1.  Some  common  morphologies  of  nanostructured  particles:  (a)  nanosphere,  (b) 
nanofibre, (c) nanorod, (d) nanosheet, (e) nanotube and (f) nano-cone (horn). 
 
Some  nanotubular  structures  occur  naturally  in  minerals  and  have  been  used  for 
centuries in applications such as ceramics, insulation and metallurgy. 
[3, 4] These include 
the metal silicate minerals Al2Si2O5(OH)4 (halloysite), Mg3Si2O5(OH)4 (chrysotile) and 
Al2SiO3(OH)4 (imogolite). The earliest research  into synthetic  nanotubes focused on 
carbon nanotubes, which were first discovered in 1952,
[5] with key steps towards their 
mass-scale use in research developed by Ijima in 1991. 
[6] The first synthetic non-carbon Chapter 1: Introduction    2 
     
 
nanotubes made from WS2 were grown in 1992,
[7] followed in the same decade by 
others such as titanate (H2TinO2n+1) 
[8] and vanadium oxide (VOx) nanotubes. 
[9] There 
are  now  many  known  examples  of  metallic,  metal  oxide,  and  metal  chalcogenide 
nanotubes, of which the properties, formation mechanisms, and potential applications 
are not yet fully understood.  
 
Synthesis of nanotubular structures under carefully controlled conditions together with 
observation and characterisation of the starting materials and products enables us to 
enhance our understanding of how and why nanotubular structures form, and to develop 
new  methods of  controlling  nanotube morphology.  Single-crystal  nanotubes  sourced 
from natural minerals contain randomly distributed impurities, either in the form of 
small particles of other minerals mixed amongst the nanotubes, or structural defects 
such as small amounts of metal ions substituted into the crystal lattice of the nanotube. 
Synthesis of nanotubes under geologically-inspired controlled hydrothermal conditions 
allows nanotubes to be made which entirely lack these impurities, or contain them in 
precise quantities which can be controlled by  adding doping species to the reaction 
mixture. This allows synthetic nanotubes to be adapted for use in different applications, 
by including or removing different functional groups and defects from the nanotube 
structures. 
 
The main reason for the recent large-scale research interest and investment in nanotubes 
is  the  fact  that  they  are  essentially  very  small,  strong  containers,  which  can  form 
colloidal dispersions in solvents, or can be spun into fibrous bundles. Filling of the 
central cavity or pore inside nanotubes, also known as the ‘lumen’ (see Figure 1.2), 
could lead to several new technological applications. One such application is the filling 
of the lumen of a metal oxide nanotube with an electrically conductive material to create 
nano-sized electronic wires, 
[10] or surface coatings for electrodes.
[11, 12] Other potential 
applications for nanotubes utilise the functional groups on the surfaces of metal oxide 
nanotubes  to  bind  small  molecules,  trapping  them  inside  the  tube.  In  solution 
environments the tube ends may be covered with slowly-dissolving chemical stoppers, 
creating an ideal ‘timed-release’ capsule for in-vitro drug delivery. 
[13  -
14
15] Nanotubes 
which have a very good biocompatibility, such as Al2Si2O5(OH)4, could be particularly 
suitable for this application. 
[16] For applications in which nanotubes may be exposed to Chapter 1: Introduction    3 
     
 
corrosive solution environments, knowledge of their long-term stability in solutions is 
important. 
 
 
 
Figure   1.2. The nomenclature used to describe different parts of a nanotube. The italic labels 
describe the directions along the nanotube which are linked to specific crystallographic axes. 
 
The highly porous nature of nanotubes has also led to investigation into their use as gas 
adsorbents.  Hydrogen  gas  is  currently  used  in  many  industrial  processes,  and  if 
hydrogen is to replace fossil fuels in mobile applications such as powering car engines, 
a suitable method of storing and transporting  hydrogen must be developed. Current 
methods of hydrogen storage as compressed gas or liquid are not ideal because of the 
safety  issues  surrounding  the  use  of  high  pressures  and  low  temperatures,  and  the 
likelihood of leaks.
 [17] 
 
Storage  of  hydrogen  through  chemical  absorption  or  physical  adsorption  of  H2 
molecules by  solid  materials has  been  investigated  for more  than two decades,  and 
although many intriguing new materials have been created to meet this need there is still 
no single material which meets the US Department of Energy (DOE) 2015 targets of (i) 
more than 9 wt % adsorption of hydrogen under modest pressures (< 200 bar), (ii) a 
volumetric storage of 81 g hydrogen per litre, and (iii) favourable kinetics of hydrogen 
adsorption and release (desorption), occurring within a few minutes.
[18] The hydrogen 
adsorption  properties of many  newly  discovered nanotubular  materials have  not  yet 
been  investigated.  The  latter  part  of  this  thesis  discusses  the  results  of  volumetric 
hydrogen  adsorption  experiments  designed  to  quantify  and  compare  the  hydrogen 
adsorption properties of several different metal oxide nanotubes. Chapter 1: Introduction    4 
     
 
 
1.2.  Aims and Objectives 
 
The  aims  of  this  thesis  are  to  increase  understanding  of  the  synthesis  mechanisms 
leading to the formation of metal oxide nanotubes under hydrothermal conditions, and 
to investigate whether these nanotubes are viable materials for hydrogen storage. The 
research therefore pursued the following objectives: 
 
•  development of  a synthesis method for halloysite (Al2Si2O5(OH)4) multiwalled 
nanotubes, which occur naturally but have not yet been synthesised in quantities 
more than a few milligrams; 
•  manipulation of the conditions (i.e. temperature, solvent composition) in 
existing hydrothermal synthesis procedures of  nickel silicate (Ni3Si3O5(OH)5) 
and vanadium oxide (VOx) nanotubes,  in order to identify the optimal synthesis 
conditions and understand the reaction mechanisms; 
•  comparison of the these synthesis procedures and previously studied details of 
titanate (H2TixO2x+1) nanotubes synthesis with an aim to highlighting the 
structural and morphological factors in these crystalline materials which cause 
their spontaneous conversion into nanotubes under hydrothermal conditions; 
•  assessment of the long-term solution stability of halloysite (Al2Si2O5(OH)4) 
nanotubes in dilute and concentrated acidic and alkaline solutions;    
•  use of volumetric (Sieverts) apparatus to quantify the adsorption of hydrogen 
onto metal oxide nanotubes including halloysite, nickel silicates, vanadium 
oxide multiwalled nanotubes and germanium-imogolite single-walled nanotubes, 
with an aim to understanding the structural and morphological factors that 
improve or inhibit adsorption of hydrogen in nanotubular materials. Formation 
of composite materials of metal oxide nanotubes with nanoporous Prussian blue 
analogue materials (Mx[Fe(CN)6]2, M = Cd, Fe) to investigate whether this 
improves the hydrogen adsorption properties. 
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1.3.  Thesis Outline 
 
This  thesis  is  divided  into  review,  methodology,  and  results  and  analysis  chapters, 
followed by a conclusions chapter in which the results are summarised and suggestions 
for further work are made. In Chapter 2 a thorough literature review of the hydrothermal 
synthesis, physical/chemical properties and hydrogen storage properties of metal oxide 
nanotubes is  presented. The hydrogen  storage  properties of inorganic  nanotubes  are 
compared with the data for other leading hydrogen storage materials and the potential 
advantages  of  using  metal  oxide  nanotubes  in  hydrogen  storage  applications  are 
discussed.  
 
Chapter 3 describes the experiments designed to address the thesis aims in the previous 
section. The results of these experiments along with discussion of their significance are 
presented  in  Chapters  4-8.  In  Chapter  4,  results  of  the  hydrothermal  synthesis  of 
halloysite nanotubes (Al2Si2O5(OH)4) from Al(OH)3 and SiO2 in the presence of GeO2 
are  presented.  Chapter  5  presents  results  of  the  solution  stability  and  dissolution 
mechanism of naturally-occurring halloysite nanotubes in acidic and alkaline solutions. 
In  Chapter  6,  the  effect  of  varying  the  ratio  of  Ni  to  Si  and  sodium  hydroxide 
concentration  in  the  hydrothermal  synthesis  of  nickel  silicate  nanotubes 
(Ni3Si2O5(OH)4)  is  studied.  Chapter  7  presents  the  results  of  attempts  to  produce 
vanadium  oxide  nanotubes  at  lower  temperature  by  increasing  vanadium  solubility 
through complexation with ethylenediamine.  
 
In Chapter 8 the measured hydrogen storage properties of nanotubular metal oxides and 
their  composites  with  nanoparticulate  Prussian  blue  analogues,  Mx[Fe(CN)6]2,  are 
presented for analysis and discussion   Finally, the results are drawn together into a set 
of conclusions in Chapter 9, and suggestions for further work are provided. Chapter 1: Introduction    6 
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Chapter 2:  Literature Review 
 
 
2.1.  Synthesis of metal oxide nanotubes 
 
2.1.1.  Comparison of different synthetic strategies 
 
Nanotubes  composed  of  inorganic  materials  can  be  synthesised  by  many  different 
methods, depending on the structure and bonding nature of the nanotube. For example, 
crystalline nanotubes made from insoluble materials containing strong covalent bonds 
(such as carbon or boron nitride) can be assembled via deposition of vapourised atoms 
onto a catalyst particle, using laser arc-ablation or chemical vapour deposition (CVD) 
techniques. 
[19, 20] Electrolyte-soluble materials can be used to produce nanotube arrays 
with an amorphous or polycrystalline structure via electrochemical methods, such as 
anodisation of a metal or electrodeposition onto a nanoporous template. 
[21, 22] Soluble 
materials which recrystallise in solution can form nanotubes using hydrothermal or sol-
gel methods 
[23, 24] in which the precipitated crystals spontaneously form as nanotubes or 
are directed into a nanotubular shape by the use of a template. A similar spontaneous 
scrolling of crystallites into nanotubes can be achieved at room temperature through the 
exfoliation of 2-D layered crystals (Figure 2.1). 
[25, 26]  
 
Compared  with  most  other  methods,  hydrothermal  synthesis  has  the  advantages  of 
requiring uncomplicated equipment (autoclaves), and being readily scaled up to gram 
quantities. Additionally, many of the alternative synthesis methods require the use of a 
nano-/micro-structured catalyst material or template, which has the complication that 
the template requires prior synthesis and subsequent removal from the nanotubes. On 
the  other  hand,  a  template  is  not  necessary  in  many  hydrothermal  methods,  as 
spontaneous  scrolling  of  single  crystals  to  form  nanotubes  under  hydrothermal 
conditions is known to occur for many different materials that possess a 2-D layered 
crystal  structure. 
[27]  For  these  reasons,  templateless  hydrothermal  synthesis  of 
nanotubes is the chosen method of synthesis in this thesis. Chapter 2: Literature Review    8 
   
 
 
 
Figure   2.1. The most common nanotube synthesis methods. 
 
Many inorganic species with 2-D layered crystal structures have been hydrothermally 
synthesised as nanotubes, for example metallic bismuth, metal chalcogenides (e.g. WS2, 
TiS2), metal oxides or hydroxides (e.g. δ-MnO2, Mg(OH)2) and metal silicates (e.g. 
Ni3Si2O5(OH)4). 
[28,  29]  The  metal  oxides  are  particularly  interesting  as  they  can  be 
synthesised from lighter, more readily available materials (containing elements from 
rows 3 and 4 of the standard periodic table), and are in some cases already found in 
natural rocks in appreciable quantities.
[30] This literature review focuses on discussion of 
the reaction mechanisms of hydrothermal syntheses which form metal oxide nanotubes, 
and  analysis  of  the  thermal,  structural  and  solution  properties  of  both  natural  and 
synthetic metal oxide nanotubes with particular reference to their applications as gas 
adsorbents. 
 
 
2.1.2.  Hydrothermal synthesis methods for metal oxide nanotubes 
 
Many metal oxide structures posses a 2-D layered crystal structure, which is considered 
a necessary requirement for the spontaneous templateless formation of nanotubes under 
hydrothermal  conditions. 
[29]  Metal  oxides  and  hydroxides  are  often  composed  of 
symmetric crystal layers, in which the two surfaces of the crystal are identical. On the Chapter 2: Literature Review    9 
   
 
other hand, layer asymmetry is common in mixed metal oxides, particularly in metal 
silicates.  The  symmetry  of  the  crystal  structure  affects  the  nanotube  formation 
mechanism  (see  section  2.1.3).  For  this  reason,  the  synthesis  methods  of 
oxide/hydroxide and silicate nanotubes are presented separately (Tables 2.1 and 2.2.). 
 
The metal ions which form metal oxide nanotubes are usually from the third and fourth 
row of the standard periodic table. Layered hydroxides/oxides of heavier metals are less 
common; the multiwalled nanotubes of the heavier elements tend to include sulphur e.g. 
MoS2, WS2, with the exception of some rare-earth hydroxide ([Y, Tb, Dy, Ce](OH)3) 
nanotubes with a quasi-layered structure, which are presented elsewhere.
 [31
32
-33]  
 
From the summary of synthesis methods for metal oxide/hydroxide nanotubes presented 
in Table 2.1, it is clear that the  nanotubes have all been synthesised in an alkaline 
environment, though in many cases the pH before, during and after reaction has not 
been  measured.  A  significant  pH  drop  is  expected  during  the  synthesis  of  metal 
hydroxide nanotubes, as the initially present dissolved metal salts react with OH
-
(aq) to 
precipitate micro- or nano-sized particles of x-ray amorphous M(OH)x.nH2O  (x is given 
by the oxidation state of the metal, e.g. Ni
(II)(OH)2, Al
(III)(OH)3) which are converted to 
crystalline nanotubes during hydrothermal treatment. This precipitation can only occur 
under alkaline conditions (see Figure 2.6 page 21). In the case of titanate, δ-MnO2 and 
VOx metal oxides, solid starting materials are used, and addition of a base may be 
necessary to facilitate dissolution and recrystallisation of these materials.  
 
The  hydrothermal  treatment  of  the  precursor  suspension  under  alkaline  conditions, 
usually at or above 200 ºC for metal hydroxides and at a lower temperature for metal 
oxides,  results  in  the  formation  of  nanotubes.  Thus  far  this  method,  which  utilises 
different bases and solvents depending on the solubility and reactivity of the starting 
materials, has been successfully applied to several of the lighter metal oxides (table 2.1). 
However, the synthesis of large quantities of some metal hydroxide nanotubes remains a 
challenge. For example, following the synthesis protocols of Zhou et al. 
[34] yields only 
milligram quantities of nanotubes. Templateless hydrothermal synthesis of nanotubes 
from multilayered hydroxides such as Cr(OH)3, γ-FeOOH and Zn(OH)2 has yet to be 
achieved. Chapter 2: Literature Review    10 
   
 
Table   2.1. Morphology and hydrothermal synthesis of metal hydroxide and oxide nanotubes with layered structure. The abbreviations pHi = initial pH, pHf  = 
final pH after hydrothermal treatment, and *  indicates pH measured in this work. Time abbreviations: min = minutes, h = hours, d= days. 
  
Nanotube  Chemical 
formula 
Outer 
diameter 
/nm 
Inner 
diameter 
/nm 
Average 
length/ 
nm 
Starting materials  pHi  pHf  Solvent  T /ºC  Duration  Refs. 
Magnesium 
hydroxide  Mg(OH)2  10 - 20  7 - 12   ≈ 10
3  MgCl2 + NH3.H2O + 
NaNO3 
-  9*  H2O/ MeOH  250  36 h 
[34] 
Boehmite  γ-AlOOH  5  2  100  AlCl3 + NaNH2  -  -  H2O  200  12 h 
[35] 
Titanate  H2TinO2n+1  10  4  100  TiO2 (P25)  > 14  -  NaOH/KOH 
40 wt% 
90 - 
110  4 d 
[36] 
Vanadium oxide  VOx  50 - 150  5 - 50  10
3 – 150
3  V2O5 + CnH2n+1NH2 
where 4< n <22  
≈ 10*  8.4*  H2O/ EtOH  180  7 d 
[37] 
Chromium 
hydroxide 
Cr(OH)3  -  -  -  not yet synthesised  -  -  -  -  -  - 
Manganese oxide  δ-MnO2  10 - 20   2 - 10  10
3 – 100
3  α-NaMnO2  7  11.7*  H2O  120 - 
140  4 d 
[38] 
Lepidocrocite  γ-FeOOH  -  -  -  no templateless 
synthesis 
-  -  -  -  -  - 
Cobalt oxide  Co3O4  10 - 20   ≈ 10  ≈ 10
3  Co(NO3)2 + NH3.H2O 
+ NaNO3  -  -  H2O/ MeOH  250  24 h 
[34] 
Nickel hydroxide  Ni(OH)2  10 - 20  ≈ 12  ≈ 10
3  Ni(NO3)2 + NH3.H2O 
+ NaNO3 
-  -  H2O/ MeOH  250  24 h 
[34] 
Copper hydroxide  Cu(OH)2  10  ≈ 5  230 - 280  CuSO4 + NaOH  >14  -  NaOH, 4 wt %  25  5.5 min 
[39] 
Zinc hydroxide  Zn(OH)2  -  -  -  not yet synthesised  -  -  -  -  -  - 
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Table   2.2. Morphology and hydrothermal synthesis of metal silicate nanotubes with layered structure. The abbreviations pHi = initial pH, pHf  = final pH after 
hydrothermal treatment, and *  indicates pH measured in this work. Time abbreviations: min = minutes, h = hours, d= days. 
 
Nanotube  Chemical 
formula 
Outer 
diameter 
/nm 
Inner 
diameter 
/nm 
Average 
length/ 
nm 
Starting materials  Solvent  pHi  pHf  T /ºC  Duration  Refs. 
Magnesium 
silicate  Mg3Si2O5(OH)4  25  5   100 - 10
3  SiO2 + Mg(OH)2  NaOH, 2 wt%  > 14  -  250  24 - 48 h 
[40] 
Imogolite  Al2SiO3(OH)4  2.2 – 2.5  1  20 - 150  Si(OEt)4 + 
MgCl2.6H2O  H2O + HCl  4.3  < 3.5  98  5 -7 d 
[41, 42] 
Halloysite  Al2Si2O5(OH)4  50 - 100  5 - 15  2 × 10
3  Dilute AlCl3/ 
Al(OAc)3 + Na2SiO3   H2O  4   5.74 -
6.55 
20 - 
60  2 -3 m 
[43, 44] 
Manganese 
silicate 
Mn3Si2O5(OH)4  -  -  -  Mn(NO3)2.2H2O + 
Na2SiO3 + OH
- 
EtOH + H2O   -  -  180 - 
200 
48 h 
[45] 
Magnesium iron 
silicate 
Mg2.31Fe0.62Si2O5
(OH)4 
30 - 50  5 - 6  300 - 500  (Mg, Fe)SiO3 + 
(Mg, Fe)O 
NaOH, 1.5 - 2 
wt% 
> 14  -  250 - 
450 
15 -24 h 
[46] 
Cobalt silicate  Co3Si2O5(OH)4  5 - 10  1 - 2  100 - 200  CoSiO3.9H2O + 
Co(OH)2 
NaOH, 1.5 - 2 
wt%  > 14  -  250 - 
350  48 - 72 h 
[46] 
20  8 - 15  > 100  NiCl2.6H2O + 
Na2SiO3 
NaOH, 18 
wt%  > 14  11.4*  190 - 
210  24 h 
[47] 
Nickel 
phyllosilicate  Ni3Si2O5(OH)4 
10 -15  2 - 3  10
3  NiSiO3 + Ni(OH)2 
NaOH, 1.5 - 2 
wt%  > 14  -  250 - 
450  24 h 
[46] 
Copper silicate  CuSiO3.2H2O  8 - 10  ≈ 2  ≈ 500  Cu(NO3)2.2H2O + 
NH3 + Na2SiO3 
2:1 
EtOH:H2O  9*  10*  180 - 
200  48 h 
[45] 
Zinc silicate  Zn3Si2O5(OH)4  -  -  -  not yet synthesised  -  -  -  -  -  - 
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Development  of  synthesis  methods  for  silicate  nanotubes  (Table  2.2)  was  initially 
inspired by naturally occurring nanotubular crystals such as Al3Si2O5(OH)4 (halloysite), 
Al2SiO3(OH)4  (imogolite)  and  Mg3Si2O5(OH)4.  High  temperatures  (≥ 200 ºC)  are 
required to precipitate the crystalline layered metal silicates rather than the amorphous 
species  which  persist  for  several  months/years  in  saturated  solutions  at  low 
temperatures.
[48]  The  synthesis  of  imogolite  is  an  exception,  since  high-dilution 
conditions are required to avoid the formation of amorphous silica 
[49] and to directly 
precipitate imogolite via silicon (IV) and aluminium (III) co-polymerisation at a lower 
temperature (90 - 100 ºC). 
[50]   
 
An alkaline environment is required for the synthesis of silicate nanotubes (with the 
exception of aluminosilicates which require an acidic environment). The solvent may 
consist of an ethanol/ water mixture or distilled water alone, and typical yields can be up 
to several grams on a laboratory scale. Difficulties have been encountered in attempts to 
synthesise  pure  iron  silicates  (Fe3Si2O5(OH)4),  with  flat  lamellar  particles  being 
precipitated instead. 
[51] There is as yet no report of an attempt to synthesise zinc silicate 
nanotubes. Calcium, iron, and manganese silicates were reported in 2004 but sufficient 
details regarding solvent composition to reproduce this synthesis were not given.
[45] 
 
Of all the nanotubes presented in Tables 2.1 and 2.2, only the titanates, VOx, and Mg 
(chrysotile), Al (imogolite), Ni, and Co silicates have been reliably and reproducibly 
synthesised in larger quantities (more than a few milligrams) and at high percentage 
yields. Although halloysite has not yet been synthesised in large quantities (for reasons 
discussed in Section 2.3), there are large natural reserves available. 
[52] Consequently, 
research involving these particular nanotubes is at a more advanced stage, and their 
applications are already being explored in research areas such as dye-sensitised solar 
cells,
 [53] high surface-area catalysts, 
[54] ion-exchange materials for electrocatalysis, 
[47, 
55-
56
57] storage of hydrogen molecules 
[57, 58] and encapsulation of pharmaceuticals. 
[59, 60] 
Most  of  the  other  nanotubes  in  Tables  2.1  and  2.2  were only  reported  in  a  single 
publication and require reproduction, verification and improvement of synthesis yields 
before potential applications can be investigated. 
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2.2.  Structure of metal oxide nanotubes 
 
2.2.1.  Crystal structures of metal oxide nanotubes 
 
Nanotubes synthesised via a templateless hydrothermal technique are usually single-
crystalline in nature, and based on a curved form of a thin, flat single-crystal polymorph 
(nanosheet). The structure of these single-crystals is crucial in determining nanotube 
morphology, as it affects both the strain energy caused by nanosheet curvature and the 
energetics of nanotube growth through addition of atoms to the nanotube ends.  
 
Since  inorganic  nanotubes  are  a  recently-discovered  class  of  materials,  the  precise 
crystal structures of many nanotubes along with their mechanism of curvature is not yet 
fully known, because the small crystallite sizes cause broadening of diffraction peaks 
and  lead  to  some  uncertainty  in  crystal  structure.  However,  it  appears  that  a  two-
dimensional layered crystal structure is essential, as it promotes the crystallisation of 
flexible nanosheet structures only a few nm thick (Figure 2.2) which are capable of 
spontaneous scrolling to form nanotubes.
[29]  
 
epitaxial
growth
(a)
(b)
c
a
b
epitaxial
growth
(a)
(b)
c
a
b
 
Figure   2.2. Crystal structures with corresponding TEM images showing how crystal growth 
readily occurs in all directions in a 3 D crystal structure (image a), but is directed along the 
basal plane in 2 D crystal structures due to weaker interlayer forces (image b). The crystals in 
(a) are TiO2 (rutile/anatase), and in (b) are Al2Si2O5(OH)4 (kaolinite). Chapter 2: Literature Review    14 
   
 
  
Such flat nanosheet  structures  can easily  occur in  2-D  crystal  structures  due  to the 
slower rate of crystal growth in the epitaxial direction compared to growth along the 
crystal planes. This is caused by the weaker interlayer bonding interactions compared to 
the covalent intra-layer bonds (c.f. graphite 
[61]).  
 
Early reports indicate that nanotubes based on M(OH)x or MOx where M is a group 2- 
13 metal in the extended periodic table are composed of the crystal polymorph which is 
related to the two-dimensional layered CdI2 structure (e.g. β-Ni(OH)2 and δ-MnO2 
[34, 
38]). Other metal oxide nanotubes have a more complex layered crystal structure, with a 
mixture  of  oxide/hydroxide  groups  and  structural  vacancies,  for  example  titanate 
nanotubes. The actual composition of the ion-exchanged titanate nanotubes is still open 
to debate, with H2TinO2n+1 (titanates), H4xTi2-x□xO4.2H2O (lepidocrocite, □ is a cationic 
vacancy), TiO2-(B), and TiO2 (tetragonal anatase) having been suggested by various 
sources. 
[62]  
 
The  crystal  structure  of  metal  silicate  nanotubes  described  by  MxSi2O5(OH)4  or 
M2SiO3(OH)4 is even more complex,  having an asymmetric layer structure in which 
SiO4 tetrahedra are bonded to one surface of a metal hydroxide sheet (Figure 2.3).
[63] 
The crystal structure of this metal hydroxide sheet depends on the oxidation state of the 
metal:  trioctahedral  sheets  are  formed  for  metals  in  the  2+  oxidation  state,  and 
dioctahedral sheets which have 1/3 of cation sites vacant are formed for metals in the 3+ 
oxidation state.
[63] Consequently both metal oxidation state and metal cation size affect 
the overall layer geometry, and the extent of nanotube scrolling (see Section 2.3).  
 
In the MxSi2O5(OH)4 (chrysotile and halloysite-type) structures the SiO4 tetrahedra are 
polymerised and form a continuous distorted hexagonal sheet on the metal hydroxide 
surface,  whereas  in  the  M2SiO3(OH)4  (imogolite)  structure  the  SiO4  are  tri-alumina 
bound and do not form a continuous polyhedral network (Figure 2.3d). The 0.7 – 0.8 nm 
interlayer spacing (basal spacing), common to all metal hydroxide-based species such as 
titanates and metal silicates, results from the weak (hydrogen-bonded) forces between 
adjacent surface hydroxyl groups. 
[64, 65]  
 Chapter 2: Literature Review    15 
   
 
 
 
Figure   2.3. Crystal structures with the  corresponding cross-sectional HRTEM images of (a) 
titanate nanotubes (b) halloysite (c) nickel silicate, (d) imogolite, (e) vanadium oxide, and (e) 
magnesium silicate nanotubes. The red spheres in image (a) represent Na
+ or H
+ ions; in image 
(d) they represent hydroxyl groups. The shaded box in each image shows the area represented in 
the crystal structure diagram. Note that crystal structures (c) and (f) have identical symmetry, 
and are shown from different angles. The crystal structures in images (d) and (e) are modified 
from references 
[172, 133] respectively. 
 
Vanadium oxide nanotubes have been described as mixed vanadium(IV/V) oxides, in 
which some of the V2O5 species have been reduced to VO2 by redox reactions under the 
hydrothermal  conditions  to  give  an  indeterminate  VOx  structure  at  180  ºC.
  [37]  The 
interlayer spacing of pure V2O5 is only 0.437 nm because of interlayer V
δ+-O
δ- polar 
interactions,
[66] and must be increased by intercalation in order for the structure to have 
sufficient flexibility to bend and curve into a nanotubular shape. Amines, with their 
polar NH3
+ head group and adjustable tail group, have proved convenient intercalating 
agents which form a bilayer between the V2O5 layers in the starting materials.
[37, 67] The 
interlayer spacing of the resulting intercalate depends on the length of the amine tail 
group, and can be increased to 2 – 4 nm. 
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the hydrothermal redox processes which convert V2O5 into a partially reduced structure 
analogous to V7O16, which is believed by  some to be the primary driving  force for 
nanotube formation. 
[68] The molecular formula of vanadium oxide nanotubes can be 
approximated  by  VO2.43  ±  0.03 (RNH2)0.27±  0.01, 
[37]  and  the  distribution  of  the  V(IV) 
tetrahedra (approximately 10 % of the total vanadium) in the layers is believed to be 
anisotropic (see Figure 2.3).  
  
 
2.2.2.  Morphology and Porosity 
 
In nanotubes formed from 2-D crystal lattices, the epitaxial crystal direction lies along 
the tube radius, and the other two crystallographic axes form the circumference and long 
axis of the tube (Figure 2.4). The closed tubular structure means that the nanotubes 
grow  along  their  long  axis  during  hydrothermal  treatment.  After  several  days 
hydrothermal  treatment  (Tables  2.1  and  2.2)  the  aspect  ratio  (diameter  divided  by 
length)  of  nanotubes  can  become  very  large,  up  to  500  –  5000.  This  means  that 
diffusion of ions and small molecules through the interlayer spaces is much slower than 
in the bulk liquid and gas phases, 
[69] though diffusion rates through the tube centre 
(lumen) may be comparable.
[70] 
 
 
Figure    2.4. Schematic  diagram  of  the  nanotube  axes,  and  four  different types  of  pore:  (1) 
interlayer, (2) intratubular (lumen), (3) intertubular, and (4) pores between aggregates. 
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Nanotubular  materials  have  four  different  types  of  pores  in  the  micro-/mesoporous 
range.  At  the  smallest  end  of  the  scale  are  the  pores  between  crystal  layers  of 
multiwalled nanotubes (1), which are usually in the ultramicroporous range (< 1 nm). 
The tube lumen (2) is usually mesoporous (≈ 10 nm), except for the smallest single-
walled nanotubes which are microporous. The pores between close-packed nanotubes 
(3) are normally similar in diameter to the lumen, though they have a different geometry 
(Figure 2.4). Larger mesopores (> 10 nm) exist between close-packed bundles of tubes 
(4), and a presence of a large number of these pores distributed across a wide range of 
diameters indicates poor close-packing in nanotubular solids. 
 
Transmission electron microscopy provides detailed information regarding the structure 
and shape of individual nanotubes (Figure 2.5), and the standard technique for bulk 
analysis of pores is nitrogen adsorption and desorption at – 196 ºC. The specific surface 
area is  calculated from the adsorption isotherm using  the  BET  method, 
[71]  and  the 
distribution of pore sizes can be calculated from either the adsorption or desorption 
isotherm using the BJH method.
[72] Since the kinetic diameter of the N2 molecule is 
0.364 nm, 
[73] nitrogen adsorption is not usually suitable for accessing interlayer pores. 
The interlayer pores are usually much smaller than the basal spacing (distance from the 
bottom of a crystal layer to the bottom of the adjacent crystal layer), which is 0.7 nm in 
most  multiwalled  nanotubes.  The  limited  access  of  nitrogen  to  the  microporous 
interlayer spaces usually results in a low (< 50 cm
3g
-1) adsorption of nitrogen in the 
microporous region of the adsorption isotherm (P/ P0 < 0.1) for multiwalled nanotubes. 
 
The  available  specific  surface  area  and  porosity  data  for  metal  oxide  nanotubes  is 
summarised  in  Table  2.3.  The  nanotubular  structures  with  the  smallest  diameters 
generally have the largest surface area, since nitrogen cannot access the interlayer pores 
of larger nanotubes with thicker walls. It appears from the literature data that titanate, 
imogolite and nickel silicate nanotubes have the highest surface areas and are therefore 
probably the most suitable inorganic nanotubes for use in gas adsorption applications 
(see Section 2.5). The interlayer spaces in most cases are < 0.7 nm, and access of N2 
molecules is probably blocked by surface functional groups (e.g. –OH), or by amine 
molecules in the case of vanadium oxide nanotubes.  Chapter 2: Literature Review    18 
   
 
Table   2.3. Morphology of metal oxide nanotubes. Abbreviations stand for SBET = BET specific 
surface area, Vpores = specific adsorption total pore volume, n = average number of layers, ds = 
basal interlayer spacing, do = approximate outer diameter, di = approximate inner diameter, l = 
approximate average length.  
 
Nanotube  Chemical formula  n  ds/ nm  do/nm  di/nm  l/ nm  SBET / 
cm
2g
-1 
Vpores / 
cm
3g
-1 
Refs. 
Titanate  (Na/H)2TinO2n+1  4  0.73  10  4  100  200 - 300  0.22 
[74] 
Vanadium 
Oxide 
VO2.43(RNH2)0.27  20  2 - 4  100  20  5 ×10
3  13 - 80  0.19 
[37, 75, 
76] 
Halloysite  Al2Si2O5(OH)4  28  0.73  50  10  2×10
3  16 - 80  0.08 - 
0.25 
[65]  
Imogolite  Al2SiO3(OH)4  1  -  2.2  1  100  240 - 400  0.12 - 
0.15 
[77, 78] 
Chrysotile  Mg3Si2O5(OH)4  14  0.73  25  5  1000  15 - 90  0.01 - 
0.25 
[79, 80] 
Nickel 
silicate  Ni3Si2O5(OH)4  7  0.73  20  10  1000  110  0.45 
[47, 81] 
 
The total pore volume is similar for all nanotubular structures because, as nanotube 
diameter  increases,  the  decrease  in  the  specific  volume  of  pores  of  type  (3)  is 
compensated by an increase in the volume of pore of type (2) and (4) (see Figure 2.4).  
If the nanotube length distribution is wide, the total pore volume may be increased by 
the  creation of a large  number of irregular pores of type (4) since  close-packing  is 
disrupted. The wide variation in surface area and pore volume observed for halloysite, 
imogolite and chrysotile nanotubes can be explained by the fact that they are naturally 
occurring materials, and therefore contain varying amounts of impurities, and have a 
wide distribution of lengths and diameters.
[65] 
 
2.3.  Mechanisms of nanotube formation 
 
The  spontaneous  synthesis  of  nanotubes  in  a  hydrothermal  environment  is  widely 
believed to proceed via the formation of crystalline nanosheets.
[29] Nanosheets which 
are flexible and thin (< 100 nm) in the direction of epitaxial crystal growth, and have 
weak  interlayer  forces  (Van  der  Waals  or  hydrogen  bonds)  may  scroll  around  a 
particular  crystallographic  axis  to  form  nanotubes.  By  way  of  evidence  for  this Chapter 2: Literature Review    19 
   
 
hypothesis, nanosheets have been noted to appear prior to the formation of nanotubes in 
studies of the syntheses of Co3O4, CoO, Ni(OH)2 and Mg(OH)2, 
[34] γ-AlOOH, 
[35] δ-
MnO2, 
[82] titanate, 
[36,  83] VOx 
[84] and Mg3Si2O5(OH)4 
[40] nanotubes. Based on the 
experimental evidence, it is probable that most metal hydroxide and oxide nanotubes are 
formed directly from scrolling of nanosheets with crystal structures identical to those of 
the resulting nanotube. 
[26, 84, 85-
86
87] The nanosheets appear to grow via precipitation from 
solution over time, eventually scrolling to form nanotubes when they reach a certain 
critical size. 
[36, 88
89
-90]  
 
Thus the two main stages involved in templateless hydrothermal synthesis of nanotubes 
are (i) conversion of the starting materials into crystalline nanosheets, followed by (ii) 
scrolling of the nanosheets to form nanotubes. There are several mechanistic pathways 
which  have  been  proposed  to  explain  how these  stages  are  achieved, and these  are 
discussed in detail the following two sections. 
 
2.3.1.  Growth of metal oxide nanosheets 
 
Metal oxide nanosheets with a 2-D crystal structure can be produced by calcination of a 
powdered  precursor  material,  or  by  atomic  deposition  onto  a  flat  surface. 
[91,  92] 
However,  the  nanosheets  that  undergo  scrolling  into  nanotubes  under  hydrothermal 
conditions are more often produced in situ through exfoliation of one/several crystal 
layers  from  bulk  particles  or  through  the  dissolution  and  recrystallisation  of 
nanoparticles 
[25, 26, 61, 85, 93 -
94
 
95
96] (see Figure 2.5). These two processes are not mutually 
exclusive, and may even occur simultaneously.
 [61] Nanosheets produced by exfoliation 
could  grow  through  a  dissolution-recrystallisation  mechanism,  or  precipitated 
nanosheets could undergo exfoliation into thinner particles.  
 
Exfoliation and recrystallisation have both been suggested to play a role in the synthesis 
of titanate nanosheets prior to nanotube formation, 
[85,  93  -  95] and there is sufficiently 
convincing TEM evidence from different stages of the reaction
  [93,  94] (Figure 2.5) to 
conclude that both mechanisms are involved in the production of thin, flexible titanate 
nanosheets.  Similar  effects  have  been  suggested  in  the  formation  of  VOx  nanosheet 
precursors to nanotubes, 
[96] but the formation mechanism is not well-studied in this case.  Chapter 2: Literature Review    20 
   
 
(a) (b) (a) (b)
 
 
Figure   2.5. TEM images showing (a) the growth of titanate nanosheets via recrystallisation on 
the surface of a TiO2 (anatase) nanoparticle, and (b) exfoliation of a nanosheet from a thicker 
growing nanosheet. Image (a) is is unpublished from the work in reference 
[97] and image (b) is 
reproduced  from  reference 
[93]  Figure  2b  with  kind  permission  from  Springer  Science  and 
Business Media.  
  
In some cases nanosheets are formed purely by exfoliation, and may directly scroll to 
form  nanotubes  even at  room  temperature. This  has been demonstrated using  some 
layered Ruddlesden-Popper 
[25] phases and also with Al2Si2O5(OH)4 (kaolinite), 
[98
99100
- 101] 
TiO2, MnO2 and Ca2Nb3O7.
 [102] Recrystallisation rather than exfoliation is proposed as 
the  driving  force  for  the  hydrothermal  formation  of  metal  silicate  nanosheets, 
[103] 
although there is no conclusive evidence that large nanosheets do not exfoliate prior to 
nanotube formation. As regards the other metal oxide nanotubes in Tables 2.1 and 2.2, 
very  little  is  known  about the formation mechanisms  of  their  nanosheet  precursors, 
although some early speculations have been made. 
[34, 39] 
 
All solution-based nanosheet-forming processes can be facilitated by the application of 
heat,  stirring,  and  chemical  additives  in  the  solution.  Increasing  the  synthesis 
temperature  increases  the  rates  of  dissolution  and  recrystallisation  according  to  an 
Arrhenius-type relationship, and stirring facilitates the mass-transfer of solvated species. 
[62] Heating and stirring may also increase the rate of chemical exfoliation by increasing 
the rate of the intercalation/deintercalation steps. 
[104] 
 
Adding  intercalating  agents  to  the  reaction  solvent  increases  exfoliation  rates  by 
weakening interlayer forces. 
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is also affected by the solvent composition. The addition of acids, bases, and chelating 
agents, for example, affects both the dissolution rate of the starting materials and the 
supersaturation of solvated species relative to the crystalline nanosheet structure (Figure 
2.6). Conditions close to the minimum solubility pH of the metal hydroxide 
[105
106107108 109
- 
110
111] are 
necessary  to  precipitate  a  large  quantity  of  layered  crystalline  metal  hydroxide 
nanosheets. For example, extensive precipitation of crystalline Cu(OH)2 requires much 
milder conditions (pH ≈ 8) than those for Mg(OH)2 (pH ≈ 12) at room temperature. As 
the temperature is increased above room temperature the minimum solubility pH shifts 
downwards for all metal hydroxides (Figure 2.7), because the  hydrolysis of species 
[M(OH)x-(n+1)] 
(n+1)+ + OH
- = 
 [M(OH)x-n]
n++ H2O is usually endothermic.
 [105 - 111]   
    
 
Figure   2.6. Solubility versus pH curves for the thermodynamically stable crystalline forms of 
Mg, Al, Co, Fe, Ni, and Cu hydroxides, calculated in this work from experimental solubility 
constants extrapolated to infinite dilution (ionic strength of solution, I = 0) measured in the 
literature.
[105 - 111] Note the logarithmic scale on the y-axis. (See appendix C for derivation of 
solubility constants). 
 
The  precipitation  of  metal  silicate  nanosheets  is  more  complicated.  For  example, 
synthetic studies have shown that nanotubular chrysotile, Mg3Si2O5(OH)4, forms from 
amorphous  starting  materials  via  flat  lamellar  crystals  such  as  Mg(OH)2, 
Mg3Si4O10(OH)2, and  Mg3Si2O5(OH)4,
  [40]  which all  contain  an  octahedral  Mg(II)O6 Chapter 2: Literature Review    22 
   
 
sheet based on the brucite (Mg(OH)2) structure. It is believed that during the reaction, 
these crystals grow from solution and act as nucleation ‘seeds’ for the formation of 
Mg3Si2O5(OH)4 nanosheet structures, in which the SiO4 tetrahedra are arranged onto 
one side of the growing Mg(II)O6 sheet.
 [40] In this case, nanosheet formation relies on 
having (i) a low solubility of Mg(OH)2, and (ii) a reasonably high solubility of SiO2 
during  hydrothermal  treatment.  These  conditions  are  only  met  at  high  solution  pH 
(Figure 2.7) or at higher temperatures >> 200 ºC.
[107, 108, 112] The synthesis pH of related 
silicate  nanotubes  such  as  (Co,Ni)3Si2O5(OH)4  may  be  similarly  restricted  by  the 
solubility of their hydroxide sheet (e.g. β-Ni(OH)2), but this has not yet been studied. 
 
There is recent evidence to suggest that halloysite nanotubes (Al2Si2O5(OH)4) form by a 
similar mechanism; the Al2Si2O5(OH)4 nanosheet structure can form via dissolution-
recrystallisation  of  SiO4  with  γ-AlOOH  nanosheets  (boehmite)  during  hydrothermal 
treatment at ≈ 250 ºC, pH 2.
 [113] Acidic conditions are necessary, because in alkaline 
environments tetrahedrally-coordinated [Al(OH)4]
-
(aq) reacts with dissolved SiO2 species 
to produce zeolites (Na2O. Al2O3. xSiO2.yH2O).
[114]  
 
 
Figure   2.7. Solubility versus pH curves for the thermodynamically stable crystalline forms of 
Mg and Al hydroxides, and SiO2 at 200 ºC, extrapolated to infinite dilution (I = 0).
[106, 107, 111, 112] 
 
The temperature, pH, and chemical composition of the hydrothermal solution also affect 
the  morphology  (shape)  of  the  precipitated  nanosheets  in  addition  to  their  crystal 
structure.  For example, Kahn et al.
[115] noted that in aqueous ammonia solutions at Chapter 2: Literature Review    23 
   
 
200 ºC,  wide,  plate-like  sheets  of  β-Ni(OH)2  were  precipitated  at  pH  11,  whereas 
elongated flexible α-Ni(OH)2 nanosheets were formed at pH 8.5 - 9.5. They suggest that 
at  higher  concentrations  of  base  OH
-  directs  structure  along  the  [100]  and  [010] 
crystallographic directions, but at lower pH, the structure directing affect of SO4
2- along 
the  [100]  direction  dominates.  In  the  synthesis  of  titanate  nanotubes,  changing  the 
solvent  composition  from  pure  aqueous  NaOH  by  adding  KOH  changes  nanosheet 
morphology  from  wider  flexible  sheets  to  narrower,  elongated  sheets,  eventually 
forming more rigid elongated particles known as nanofibres.
 [97] The greater solubility of 
TiO2 in KOH is thought to drive faster recrystallisation along the thermodynamically 
favoured [001] direction, which explains the morphological differences. 
 
Non-aqueous solvents may also direct nanosheet morphology, as shown by the work of 
Fan et al.,
 [116] who discovered that the shape of Mg(OH)2 nanosheets recrystallised after 
6 hours at 180ºC depended on the chemical structure of the solvent (Figure 2.8). The 
sheets had a hexagonal plate-like shape after treatment in H2O, but formed elongated 
sheets  in  ethanol,  and  in  ethylenediamine  the  elongated  sheets  scrolled  to  form 
nanotubes. It appears  from these  studies that the effects  of  interaction  with solvent 
molecules on nanosheet formation are complex, and more experiments on nanosheet 
growth in a variety of solvents are needed before they can be fully understood. 
 
(a) (b) (c) 300 nm 200 nm 200 nm (a) (b) (c) 300 nm 200 nm 200 nm
 
Figure   2.8. Morphology of Mg(OH)2 crystallised at 180 ºC for 6 hours in (a) ethylenediamine, 
(b) distilled water, and (c) absolute ethanol solvents.
*  
 
As they grow, nanosheets need to attain specific dimensions before they are flexible and 
long or wide enough to “loop round” to form the circumference of a complete nanotube. 
                                                
* Reprinted from Fan et al. 
[116] with permission from Elsevier Ltd. Chapter 2: Literature Review    24 
   
 
The ideal nanotube radius and cross-sectional shape is different for each crystal structure, 
and is dictated by energy constraints. These constraints are the focus of the next section 
on nanosheet scrolling mechanisms. 
 
2.3.2.  Scrolling of nanosheets into nanotubes 
 
The  formation  of  nanotubes  proceeds  through  the  scrolling  of  nanosheets  around  a 
specific crystal growth axis. A variety of different mechanisms have been proposed to 
explain the scrolling of nanosheets under specific conditions (Figure 2.9). Broadly, the 
causes of single- or multilayered nanosheet scrolling are described as: (i) an imbalanced 
chemical  environment,  (ii)  binding  to  catalyst  or  surfactant  molecules,  (iii)  a  size 
imbalance  between  layers  caused  by  anisotropic  crystallisation,  or  (iv)  an  inherent 
geometric strain in the crystal layers.  
 
Spontaneous scrolling usually occurs only with single-crystal nanosheets. An exception to 
this is that catalysts, surfactant micelles and other soft templates can be used to bind 
nanosheets  of  an  amorphous  or  polycrystalline  nature  into  a  nanotubular  shape.
[117] 
Otherwise, polycrystalline materials probably could not undergo uniform scrolling, due to 
their  non-uniform  structure.  Catalysts  and  templates  have  also  controlled  the  tubular 
morphology  of  some  significant  crystalline  materials,  such  as  graphene  nanosheets 
forming carbon nanotubes (for a recent review see 
[118]). 
 
There  are,  however,  many  examples  of  nanosheets  scrolling  without  the  need  for  a 
template  or  catalyst  material.  In  some  nanosheets,  scrolling  is  thought  to  occur 
spontaneously because their crystal structures possess an internal geometric strain. The 
geometry of the top surface of their crystal layers is not equivalent to the bottom surface, 
and this stimulates scrolling of the structure by contracting one surface and expanding the 
other.
[119] During the bending of the single or multilayered sheet, the ends of the sheet 
may meet and polymerise along their edge, forming a concentric tube (e.g. Al2SiO3(OH)4 
(imogolite) Figure 2.9c), or they may overlap and form a tube with a spiral  cross-section 
(Figure  2.9f),  as  is  sometimes  observed  with  the  multilayered  silicate  nanotubes 
Al2Si2O5(OH)4 (halloysite), and Mg3Si2O5(OH)4 (chrysotile) and Ni3Si2O5(OH)4 (nickel 
silicate). Chapter 2: Literature Review    25 
   
 
 
Figure   2.9. Overview of the scrolling mechanisms of nanosheets caused by structural or environmental factors. The cross-sectional TEM image of a titanate 
nanotube (a) and SEM image of Te nanotube (b) were taken from references 
[120,  121] respectively. The cross-sectional TEM images of (c) Al2GeO3(OH)4 
(germanium-imogolite), (d) titanate, (e) vanadium oxide  and (f) nickel silicate nanotubes were recorded  in this work using nanotubes synthesised following 
reaction protocols from references
 [37, 47, 122, 97] respectively. Chapter 2: Literature Review    26 
   
 
In some nanotubes such as titanates, the crystal structure contains symmetrical layers in 
which the internal stain acting on the top and bottom face of the nanosheet is equivalent. 
According to recent DFT calculations (Figure 2.10), only  asymmetric structures can 
have a radius of curvature at which the overall strain energy in the structure is negative. 
The strain energy of a symmetric sheet bending into a tubular structure can be described 
according to the equation 
[123, 124]  
 
2 r
a
Estr =                          (2.1) 
 
where Estr is the lattice strain energy (the energy difference between the flat and the 
single-walled  tubular  structures),  a  is  a  proportionality  constant  for  the  bending 
elasticity which is specific to the crystal structure of the nanosheet, and r is the radius of 
the  nanotube. This equation gives a positive Estr over all values of r (see curve for 
titanate nanotubes in Figure 2.10). 
 
Asymmetric crystal structures, on the other hand, have an additional contribution to 
strain energy, which can be expressed as 
[125
,
] 
 
r
b
r
a
Estr − =
2                       (2.2) 
 
where  a  and  b  are  proportionality  constants  for  the  nanosheet  elasticity  and  layer 
asymmetry, respectively. This causes a negative Estr over a range of tube radii, with a 
specific energy minimum radius, r0. For imogolite (Al2SiO3(OH)4), r0 is well-defined 
and occurs at a very small radius of 0.9 nm (figure 2.10).
[126] The internal strain in the 
imogolite  structure  is  extreme,  because  the  SiO4  tetrahedra  are  Q33Al-bound  (tri-
alumina substituted), and the tetrahedral Si-O distance is much smaller than the distance 
between  neighbouring  octahedral  Al-O  units  (see  Figure  2.3).  The  narrow  energy 
minimum  makes  the  inclusion  of  several  other  layers  at  larger  radii  to  form  a 
multiwalled nanotube highly unlikely. 
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Figure   2.10. The relationship between tube radius and DFT-calculated strain energy (defined as 
the  energy  difference  between  flat  and  single-walled  tubular  structures)  for  single-walled 
nanotubes of (●) imogolite 
[126], (■) titanates, 
[127], (○) halloysite 
[125] and (□) chrysotile 
[128]. 
 
In halloysite (Al2Si2O5(OH)4) and chrysotile (Mg3Si2O5(OH)4), the SiO4 tetrahedra are 
arranged in a hexagonal sheet, and are free to rotate, being only singly bound to the 
metal hydroxide sheet (see Figure 2.3). Therefore, any geometric mismatch between the 
SiO4 and AlO6 or MgO6 sheets can be corrected by rotation of the SiO4 tetrahedra. 
[128, 
129] This means that the overall strain energy in a single-layered sheet is much smaller 
than in imogolite. The strain energy therefore has a less pronounced minimum, and only 
becomes negative at much larger radii (2.3 – 4.5 nm for halloysite and > 4.3 nm for 
chrysotile). 
[128, 129] The larger radius of curvature and wider energy minimum makes the 
formation of multilayered nanotubes much more likely than for imogolite. 
 
When multilayered nanotubes of halloysite and chrysotile are considered, the energetics 
become considerably more complicated and have not yet been modelled by DFT. It is 
believed  that  in  Al2Si2O5(OH)4  the  additional  forces  of  hydrogen  bonding  between 
layers tends to promote the formation of the flat mineral kaolinite over the nanotubular 
mineral halloysite, because the proximity of the hydrogen-bonded groups is greater in 
the flat form than in the curved form. 
[130] This leads to a lower thermodynamic stability 
of  halloysite  nanotubes  ( G
0
f,  298  K  =  –  3780.7  kJ  mol
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( G
0
f, 298  K = – 3799.4 kJ mol
-1).
  [131] For this reason it has proved difficult to form 
halloysite  under  hydrothermal  conditions  (see  Section  2.1.2),  because  kaolinite  is 
precipitated instead. Alternative routes for halloysite synthesis have relied on disrupting 
the interlayer hydrogen bonding in kaolinite sheets by forced interlayer hydration or 
exfoliation, but these are lengthy procedures which require several intercalation steps to 
prepare the kaolinite for delamination or hydration. 
[98 - 101] 
 
For  symmetric  crystal  structures  such  as  titanates,  alternative  scrolling  mechanisms 
have been proposed to explain how the multilayered structure can bend in the absence 
of  internal  strain.  These  mechanisms  argue  that  the  external  environment  of  the 
nanosheets can invoke scrolling. The most obvious example of this is the use of catalyst 
or surfactant molecules (Figure 2.9b and e) which can act as a template, binding the 
surrounding nanosheet into a tubular conformation, but the synthesis environment may 
also participate in a more subtle way. It has been suggested that titanate nanosheets may 
experience an asymmetrical chemical environment (concentration of ions) on the two 
opposing sides of the nanosheet. This effectively creates two different spring-constants, 
k1 and k2 on the two sides of the sheet, causing single exfoliated titanate layers to scroll, 
resulting  in  the  observed  multiwalled  nanotubes  with  spiral  cross-sections  (Figure 
2.10a).
[120, 132] However, in light of the fact that several different nanotube cross-sections 
are often observed (Figure 2.10d), an alternative mechanism was suggested in which 
rapid crystal growth occurring preferentially along the c-axis causes an imbalance in the 
length  of  the  crystal  layers  along  this  axis.
[36]  The  excess  surface  energy  of  the 
imbalanced layers can be minimised by bending the structure.  
 
In some cases it is possible that more than one mechanism may be involved in scrolling. 
For example, it is necessary to intercalate amine template molecules to allow bending of 
form vanadium oxide (VOx) nanosheets into nanotubes, and in this respect the synthesis 
resembles  a  surfactant-driven  mechanism. However,  it  has  also been suggested that 
reduction of V
(V)O5 pentahedral units to V
(IV)O4 tetrahedral units under heating may 
occur anisotropically in the structure, and aid scrolling through a geometric mismatch 
similar in nature to halloysite.
  [133, 134] Although types of scrolling mechanism can be 
generalised,  the  scrolling  in  each  nanotubular  structure  is  unique  and  should  be 
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2.4.  Properties of metal oxide nanotubes 
 
2.4.1.  Thermal stability of nanotubes 
 
The thermal stability of nanotubes is of great importance in applications which require 
nanotubes  to  withstand  high-temperatures,  for  example  their  use  in  fire-  and  heat-
resistant  materials.
[135]  The  thermal  stabilities  of  the  most  widely  used  nanotubes 
described  in  Section    2.1.2  are  summarised  in  Figure 2.11.  Metal  silicate  nanotubes 
undergo structural dehydroxylation in the range 400 – 700 ºC, and are stable up to this 
temperature range, losing only surface and interlayer water. Studies on Al2Si2O5(OH)4 
(halloysite) and Ni3Si2O5(OH)4 nanotubes have noted that these materials retain their 
tubular morphology at temperatures well above the dehydroxylation temperature
 [47, 136] 
despite  the  change  in  crystal  structure.  Halloysite  is  converted  into  nanotubes  with 
amorphous crystallinity above 500 ºC, and nickel silicate nanotubes apparently retain 
their dehydroxylated crystal structure at 600 ºC. On the other hand, Mg3Si2O5(OH)3 
chrysotile) and Al2SiO3(OH)4 (imogolite) nanotubes undergo collapse of their structures 
during dehydroxylation  to form nanoparticles or nanorods.
 [137, 138]  
 
Figure   2.11. Bar diagram showing the phase stability of nanotubular materials upon heating. 
The first shaded area (blue) represents loss of surface + interlayer water, and the second shaded 
area (red) represents structural dehydroxylation. The abbreviations are: NT = nanotubes, NR = 
nanorods and NP = nanoparticles, am. = amorphous and dehydr. = dehydroxylated. Chapter 2: Literature Review    30 
   
 
The titanate structure, related to H2Ti3O7 (trititanic acid) undergoes dehydroxylation 
more readily, forming a TiO2-(B) nanotubular phase above 150 ºC. The nanotubular 
structure is lost as the structure is converted to anatase nanorods above 400 ºC.
  [139] 
Vanadium oxide nanotubes are highly susceptible to thermal degradation because their 
nanotubular shape  is  created  by the presence of interlayer  amine  molecules,  RNH2, 
which allow the VOx layers enough flexibility to bend. The RNH2 molecules are not 
chemically bonded to the VOx layers, and are therefore easily removed upon heating 
above 180 ºC.
  [140] The VOx, with an average oxidation state of 2.45, then undergoes 
slow  oxidation  to  form  nanoparticles  of  V2O5  upon  further  calcination.  Therefore, 
vanadium  oxide  nanotubes  are  unlikely  to  be  of  any  use  in  high-temperature 
applications  unless  it  is  desirable  to  use  heat  to  break  their  structure  and  release 
materials stored inside the tubes. 
 
2.4.2.  Solution stability of nanotubes and hydrothermal transformation 
 
Many  of  the  proposed  applications  of  nanotubes  (e.g.  anti-corrosive  coatings,  drug 
delivery,  electrochemical)  require  nanotubes  to  come  into  contact  with  solutions. 
Therefore, knowledge of the stability of nanotubes over a wide range of operational 
conditions at different proton concentrations and temperatures is highly important. 
 
Regarding  the  solution  stability  of  nanotubes at  room temperature,  recent work  has 
demonstrated that titanate nanotubes are acid-soluble, transforming gradually in 0.1 mol 
dm
-3 H2SO4 solution into TiO2 (rutile)  nanoparticles, but in pure water and alkaline 
solutions they possess long-term stability.
 [141] The solution stability of most other metal 
oxide nanotubes in acid or alkaline solution has not yet been studied in detail, but one 
study  of  vanadium  oxide  nanotubes  concluded that  they  are  only  soluble  in  acidic 
solutions. 
[142] The aluminosilicate nanotubes imogolite and halloysite are expected to be 
soluble  in  both  acid  and  alkaline  solutions  due  to  their  amphoteric  Al-OH  surface 
groups, but so far only  imogolite solubility  in  concentrated acid  solutions  has been 
demonstrated.
 [143] 
 
Above room temperature, nanotubes  may undergo  a variety  of  transformations  in  a 
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nanofibres if the reaction process in which they are formed is intensified (by crystal 
seeding, stirring, increasing the reaction temperature or increasing KOH/ NaOH ratio of 
the solvent to  increase the dissolved Ti(IV) concentration) or if the duration of the 
reaction is extended. 
[97] This is believed to occur because the scrolling of titanates can 
be reversed, and the resulting nanosheets can continue growth along the crystallographic 
c axis, which is the most energetically favourable growth direction (Figure 2.12). The 
driving force for this process is a reduction in the total surface area, which is ca. 200 – 
300  m
2g
-1  for  nanotubes  and  ca. 20 – 50 m
2g
-1  for  nanofibres,
[97]  which  leads to  a 
reduction in the total surface energy.  
 
 
Figure    2.12.  Schematic  diagram  of  the  crystallisation  of  different  titanate  morphologies: 
nanosheets, nanotubes, and  nanofibres,  from solutions containing  different  concentrations  of 
dissolved Ti(IV). 
[97] The scale bar in the TEM images represents 10 nm.  
 
The growth pattern and changes in morphology of other nanotubular structures under 
intensified hydrothermal conditions have not yet been studied, although it is assumed 
that  they  would  eventually  undergo  transformation  into  a  more  thermodynamically 
stable morphology than  nanotubes, which  are  inherently unstable and more reactive 
compared to bulk materials due to their higher surface area. 
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2.4.3.  Electrical and mechanical properties  
 
Most metal oxide nanotubes are electrical semiconductors, apart from the metal silicates 
which  are  good  electrical  insulators (see  Table  2.4).    The  mechanical  properties of 
individual nanotubes are commonly measured using the deflection of an AFM tip by the 
nanotube, or by forced bending in a TEM electron beam. 
[145, 146] On the whole, metal 
oxide nanotubes have a Young’s modulus similar to many metals, but lower than carbon 
nanotubes, which have a Young’s modulus of approximately 300 GPa for multiwalled 
nanotubes 
[145] and 1.3 TPa for single-walled nanotubes. 
[147]  
 
Table   2.4. Electrical and mechanical properties of metal oxide nanotubes at 298 K. 
 
Nanotube  Bulk density / 
g cm
-3 
Young’s 
Modulus / GPa 
Band gap 
/ eV 
Conductivity / 
S m
-1 
Titanate  3.16  
[148]  -  3.2 
[149]  5.5 × 10
-3 
[149] 
Vanadium Oxide  2.87 
[150]  20 - 80 
[151]  0.2 
[151]  5.0
  [151] 
Halloysite  2.53 
[13]  300 
[125]  9.5 
[125]  - 
Chrysotile  2.63 
[152]  14 - 336 
[153]  10 
[154]  1 × 10
-9 [155] 
Imogolite  2.70 
[156]  182 
[157]  7.2 
[158]  5.9 × 10
-6 [159] 
 
The low thermal and electrical conductivity, high Young’s (elastic) modulus and high 
tensile  strength  of  metal  oxide  nanotubes  have  led  to  extensive  research  into  the 
formation  of  metal  oxide  nanotube-polymer  nanocomposites.  The  presence  of 
halloysite, imogolite and titanate nanotubes has been shown to increase the Young’s 
modulus and tensile strength of a wide variety of polymer materials,
[135,  160
1 61
-
1 62
163]  as well 
as improving their heat-resistant properties.
[135] 
 
 
2.4.4.  Chemical properties and surface functionalisation 
 
The suitability of nanotubes for applications such as catalysts and catalyst supports, 
nanocomposite materials and pharmaceutical encapsulating agents strongly depends on 
their chemical properties. The chemical properties of nanotubes are dictated by their 
surface groups that are accessible to molecules in a solvated or gas phase. Metal oxide Chapter 2: Literature Review    33 
   
 
or hydroxide nanotubes composed of symmetric layered structures such as titanate or 
vanadium oxide nanotubes have metal hydroxyl groups (M-OH) on both the outer and 
inner surfaces of the curved nanotube layers, although the surfaces are partially blocked 
by intercalating amine molecules in the case of vanadium oxide nanotubes.  
 
The asymmetrically structured imogolite  nanotubes also contain  hydroxyl  groups on 
both surfaces, with a single Si-OH group per Si(IV) atom directed inwards towards the 
centre of the tube, and Al-OH functional groups present on the outside of the tubes. 
These  properties  make  the  formation  of  titanate  and  imogolite  nanotube  aqueous 
suspensions  facile.  On  the  other  hand,  silicate  nanotubes  with  the  MxSi2O5(OH)4 
structure, such as halloysite and nickel silicate, contain M-OH groups in the MO6 side 
of  each  layer,  but the  SiO4  tetrahedra  are  polymerised  (see  Figure  2.3)  and  Si-OH 
groups only exist at the tube ends or at defect sites 
[164] (Figure 2.13). In halloysite the 
SiO4 layer is located on the outside on the tubes, but on nickel silicates and chrysotile 
nanotubes it is located on the inside, meaning that functionalisation of M-OH groups 
would occur on the opposite surface of the tube compared to halloysite. 
 
 
Figure    2.13.  Simplified  structural  diagram  showing  the  distribution  of  hydroxyl  groups  on 
halloysite, nickel silicate and imogolite nanotube surfaces. 
 
The simplest method of functionalising metal oxide nanotubes is to ion-exchange the 
surface hydroxyl groups with metal ions. Titanate nanotubes are easily ion-exchanged 
with alkali-metal 
[69] and transition-metal 
[165,  215] ions by suspension in concentrated 
solutions of the metal salts. The metal ions can enter the interlayer spaces and form a 
titanate-  metal  intercalation  compound.
[69]  Halloysite  nanotubes,  Al2Si2O5(OH)4,  can 
also  be  ion-exchanged,  though  intercalation  compounds  only  form  with  larger Chapter 2: Literature Review    34 
   
 
monovalent metal ions such as K
+, Cs
+ and NH3
+. Smaller ions may become trapped 
inside the hexagonal-shaped cavity in the silicate surface of the layers (Figure 2.3).
[65] 
 
The surfaces of nanotubes may also be functionalised through chemical reactions with 
small  molecules.  The  surface  –OH  groups  of  titanate  nanotubes,  for  example,  will 
readily react with species such as H2O2, amines (RNH2), and silyl ethers (R3Si-OR). 
[62]  
In halloysite nanotubes, -OH groups are mostly located on the inner (AlO6) surface of 
the tubes and at the tube ends. These surfaces have been successfully functionalised 
with  silyl  ethers, 
[166]  and  other  small  molecules  such  as  dimethyl  sulphoxide  and 
formamide. 
[65]  
 
The above functionalisation methods involve adapting nanotubes which have already 
been synthesised. A more radical method of altering the properties of nanotubes is to 
add doping species to the original synthesis mixture such that new elements become 
structurally  incorporated  within  the  walls  of  nanotubes.  This  occurs  in  naturally 
synthesised nanotubes to some extent: natural halloysite typically contains 0.11 - 6 wt % 
Fe(III) and occasionally 1.96 - 12 wt % Cr(III) impurities substituted for Al(III).
 [65] In a 
laboratory synthesis the substitution of different atoms into the chemical structure can 
be performed under carefully controlled conditions.   
 
Synthetic chrysotile (Mg3Si2O5(OH)4) nanotubes have been doped with other metals by 
substitution  of  Mg(II)  with  Ni(II),
  Fe(II)  and  Ti(IV)  oxides 
[167,  168]  in  the  starting 
materials. This doping not only affects the surface chemical properties of the nanotubes, 
but also affects their physical properties and morphology. For example, the substitution 
of Ni(II) into the chrysotile structure was shown to decrease the diameter and length of 
the  resulting  nanotubes,  and  improve  their  thermal  stability. 
[167]  A  more  dramatic 
example of using atomic substitution to control nanotube morphology can be found in 
the work of Levard et al. in which Si(IV) was substituted with Ge(IV) in the imogolite 
structure. 
[122,  169] The larger atomic radius of Ge(IV) compared to Si(IV) (0.39 and 
0.26 Å respectively)
 [170] expands the inner surface of the imogolite tube structure (see 
Figure 2.3), resulting in an increase in the diameter of imogolite nanotubes, such that 
the  typical  2.2  nm  diameter  of  Al2SiO3(OH)4  nanotubes  increases  to  3.5  nm  in Chapter 2: Literature Review    35 
   
 
Al2GeO3(OH)4 nanotubes. 
[171] The lesser radius of curvature allows the Ge-imogolite 
nanotubes to exist as both single- and double-walled tubes. 
[171, 172] 
 
Figure   2.14. Simplified diagram of imogolite structure showing how the replacement of 
Si(IV)O4 tetrahedra with Ge(IV)O4 on the inside of the Al2SiO3(OH)4 sheet increases 
the diameter of the nanotubes. 
 
Structural doping and surface functionalisation of nanotubes is widely used to modify 
the chemical and physical properties of nanotubes to render them more suitable for 
specific applications. The following sections of this review examine the suitability of 
inorganic nanotubes in hydrogen storage applications, and how structural modifications 
and doping could be introduced to improve their adsorptive properties. 
 
 
2.5.  Inorganic nanotubes as hydrogen storage materials 
 
2.5.1.  Outline of current hydrogen storage methods, aims and challenges 
 
Hydrogen is  in many ways an attractive alternative fuel because of its high  energy 
density per unit mass, 
[173] and its potential as a green fuel, if generated from sustainable 
sources. However, the low energy density of hydrogen per unit volume compared to 
hydrocarbons, and the large mass of current storage methods makes it challenging to 
store hydrogen for on-board use as an alternative fuel.
 [17]  
 
The revised 2015 DOE targets for solid storage are 9 wt % mass of hydrogen stored 
compared to the total mass of the system including the mass of the container, and a 
volumetric mass density of no less than 81 g L
-1.
[174] Thus the main challenge is to 
reduce the total weight of a hydrogen storage system, whilst increasing the density of 
GeO4 
AlO6 
SiO4 
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the stored hydrogen. This is extremely challenging, as current commercially available 
technologies  have  demonstrated.  The  main  current  method  of  storing  hydrogen  is 
compressed hydrogen cylinders, which are very bulky (50 kg to hold 0.1 m
3 H2) in order 
to withstand the high pressures (700 bar, 70 MPa) required to meet the DOE 2010 target 
of 6 wt %.
 [175] Liquid storage of hydrogen improves the wt % storage, as the hydrogen 
is denser in the liquid state, but too much energy is required to liquefy compressed 
hydrogen at  cryogenic temperature,  and maintaining  the  low  temperature  requires  a 
large amount of bulky insulation.
[17]  
 
The drawbacks associated with these methods have stimulated a great deal of research 
into making solid materials capable of storing hydrogen, as solid storage at moderate 
pressures (< 200 bar) has far fewer safety issues than compressed gas or liquid storage, 
and does not require such heavy containers.
 [17] Highly porous solids with low molecular 
weight and low density  are  necessary  to meet the DOE gravimetric and volumetric 
targets. Another important requirement is that the solid materials should both store and 
release hydrogen at an operating temperature close to room temperature, in order to 
avoid bulky cryogenic tanks or excessive use of heat. There are currently three main 
categories  of  solid  storage  materials  which  are  being  investigated:  metal  hydrogen-
containing compounds which absorb hydrogen via chemical reactions, and hydrogen 
clathrates  and  nanoporous  solids  (foams,  metal  organic  frameworks  and  nanotubes) 
which  adsorb  hydrogen  via  physisorption.  These  materials  are  compared  in  the 
following sections of this chapter. 
 
 
2.5.2.  Techniques for measuring hydrogen storage  
 
The  main  three  techniques  commonly  used  for  measuring  hydrogen  adsorption  and 
desorption  are  the  volumetric  (Sieverts),  gravimetric  and  temperature-programmed 
desorption (TPD).
[176] In all methods the sample mass must be measured accurately in 
order that the gravimetric storage (wt %) of hydrogen may be determined, and must 
have all surface-adsorbed water removed beforehand by degassing under vacuum. The 
volumetric  and  gravimetric  techniques  are  usually  performed  under  isothermal 
conditions,  whereas  TPD  monitors  the  flow  of  hydrogen  desorbed  from  a  material Chapter 2: Literature Review    37 
   
 
following the application of a thermal ramp.
[176] The TPD method is less commonly 
used than the gravimetric and volumetric methods.  
 
In the gravimetric method, hydrogen uptake is calculated from the change in mass of a 
sample (measured using a highly accurate microbalance), following a step change in the 
hydrogen  pressure  surrounding  the  sample.  This  technique  requires  very  sensitive 
equipment, and the hydrogen used should be extremely pure (> 99.99 %), because small 
impurities  such  as  H2O  which  is  nine  times  heavier  than  H2  molecules  will  cause 
significant error in the results.
 [177]  
 
 In the volumetric method, the sample is placed inside a fixed, known volume, and a 
known mass of hydrogen gas is expanded into this volume. The hydrogen uptake is 
calculated from the subsequent drop in pressure which is caused by the adsorption of 
hydrogen into the sample. Volumetry has practical advantages over gravimetry in the 
simplicity  with  which  isotherm  points  can  be  measured,  but  unlike  gravimetric 
isotherms the volumetric isotherm points are affected by cumulative errors if one point 
of the isotherm is determined inaccurately.
 [176] 
 
 
2.5.3.  PCT isotherms for hydrogen adsorption 
 
The hydrogen adsorption properties of materials are studied through the measurement of 
pressure-composition-temperature (PCT)  isotherms,  in  which  the  temperature  of  the 
sample is normally held constant for the duration of the experiment, and pressure and 
composition (mass of hydrogen adsorbed) are varied. To form the isotherm, the mass of 
hydrogen adsorbed per gram of material (in gg
-1
 or wt % units) is plotted against the 
equilibrium pressure of hydrogen inside the apparatus. Hydrogen adsorption isotherms 
above  the  supercritical  temperature  of  44  K  are  usually  described  by  a  type  1 
isotherm,
[178] in which the mass of hydrogen molecules adsorbed increases steeply at 
low pressure and approaches a saturation limit as the pressure increases.  
 
To evaluate the hydrogen adsorption properties of a material, it is very useful to know 
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solid, both as an adsorbed layer on the material surfaces and as a bulk gas contained 
inside the pores of the material. In many cases the absolute mass of hydrogen stored 
inside a porous material is difficult to determine experimentally; the excess mass of 
adsorption is usually measured instead.  
 
The difference between the absolute and excess adsorption is explained in Figure 2.15. 
A layer of adsorbed hydrogen molecules on the surface of a solid occupies a certain 
volume,  Va,  which  grows  in  volume  with  increasing  H2  pressure  until  it  reaches 
saturation  at  a  maximum  volume  Vm,  beyond  which  the  density  and  volume  of 
adsorption layer can increase no further. At a given equilibrium hydrogen pressure P, 
the adsorbed gas molecules are at a density ρa which  is at a maximum at the solid 
surface and decays towards ρg, the density of the bulk gas, at the edge of the adsorbed 
layer. The absolute mass of hydrogen stored in this material is given by the sum of the 
mass  of  the  surface  adsorbed  gas  in  the  volume  Va  and  the  mass  of  the  bulk  gas 
contained in the total pore volume Vg. The excess mass of adsorption is given by the 
difference between the mass of gas in the adsorption layer volume Va and the mass that 
would reside in this volume if the gas had the bulk density value ρg.
[179] 
 
 
Figure   2.15. Schematic diagram of absolute and excess adsorption in a solid with a volume Vs 
and a void (pore) volume Vg. The adsorbed gas is located in the volume Va at a density ρa which 
decays to zero at the solid surface and approaches ρg, the density of the bulk gas contained in the 
remaining pore volume Vg - Va. Chapter 2: Literature Review    39 
   
 
By this definition, the excess adsorption mass (Me) is given by the equation  
 
a g
V
a e V dV M
a
ρ ρ − = ∫                       (2.3) 
 
The excess adsorption is usually expressed as the gravimetric excess adsorption, me, 
where the total mass adsorbed Me is divided by the mass of the solid sample to give the 
mass of hydrogen adsorbed per unit mass of sample, in g g
-1 units.  
 
s
e
e m
M
m =                            (2.4) 
where ms is the mass of the solid. Multiplication by a factor of 100 converts me to the 
gravimetric weight percent (wt %) adsorption.  
 
The absolute gravimetric adsorption is obtained from the excess gravimetric adsorption 
me  by  adding  the  mass  of  gas  at  density  ρg  in  the  total  pore  volume  Vpores  in  the 
following equation: 
RT
P m
V m V m m
H
pores e pores g e
2 + = + = ρ                 (2.5) 
 
where Vpores is in m
2g
-1 units, and can be estimated from separate nitrogen adsorption 
experiments. 
[180]  
 
The quantitative difference between the absolute and excess adsorption isotherms is 
demonstrated in Figure 2.16. As the equilibrium hydrogen pressure increases, the excess 
adsorption isotherm reaches a maximum value as the density of the surface adsorbed 
layer reaches saturation (Va = Vm). Beyond this point the excess adsorption decreases 
with further increase in pressure, because the density of gas ρg in the bulk phase that 
would fill the adsorption layer volume continues to increase (see Equation (2.3)). The 
absolute  adsorption  isotherm,  on  the  other  hand,  continues  to  increase  above  the 
saturation point, because the density of the bulk gas in the total pore volume given by 
the term 
RT
P m
V
H
pores
2  (equivalent to mc in Figure 2.16) which increases linearly with 
increasing pressure is added to the excess adsorption. Chapter 2: Literature Review    40 
   
 
 
Figure    2.16.  Comparison  between  the  excess  adsorption  mt  (dotted  line)  and  absolute 
adsorption me (solid line) isotherms of the hydrogen storage material Cu3(BTC)2 at 77 K. The 
numerical  difference between the two isotherms is  given by  mc (dotted line). The  figure is 
reproduced  from reference 
[180] with permission  from the International Journal of Hydrogen 
Energy. 
 
 
2.5.4.  Current progress in hydrogen storage materials 
 
The  stipulation  that  storage  temperatures  which are not too  extreme, i.e. within the 
range –120 < T < 200 ºC are necessary for energy considerations had ruled out many 
potential hydrogen storage materials. For hydrogen storage by chemical absorption, the 
strength of an average chemical bond with hydrogen (X-H = 200 – 500 kJ mol
-1) is too 
great for hydrogen to be released at low temperatures. 
[181] For hydrogen storage by 
physisorption,  the  opposite  end  of  the  temperature  scale  is  problematic:  to  adsorb 
hydrogen onto a surface at room temperature the interaction energy must be at least 
≈ 14 kJ mol
-1 (0.15 eV), which is far above the usual range of physisorption interaction 
energies.
[182] 
 
A number of innovative strategies have been adopted to circumvent these problems, by 
creating  materials  which  form  unusually  weak  chemical  bonds  with  hydrogen  or Chapter 2: Literature Review    41 
   
 
unusually strong adsorption interactions. Amino boranes based on NH3BH3 and alane, 
AlH3 are good example of the former: they can theoretically store up to almost 20 wt % 
hydrogen  and  have  H2  release  temperatures  below  100  ºC.  However,  there  are 
significant disadvantages to such compounds, including slow release kinetics, and high 
rehydrogenation pressures. 
[183] 
 
As regards physisorption, great progress has been made in producing low molecular 
weight materials which have impressively high surface areas exceeding 3000 m
2g
-1.
[182] 
Metal-organic  frameworks  (MOFs)  currently  lead  the  field,  with  7.5  wt  %  storage 
achieved with MOF-177 at 77 K. The challenge of room temperature storage has not yet 
been met by MOFs, zeolites, nanotubes and nanoporous foams (table 2.5), because their 
interaction energies with H2 are typically below 7 kJ mol
-1,
[183] which is far too low for 
significant adsorption to occur at 298 K.  
 
Early promise for room-temperature adsorption has been shown by a new class of exotic 
structures  known  as  hydrogen  clathrates,  cage-like  structures  in  which  H2  is 
encapsulated in cavities formed by a special arrangement of molecules which occurs 
only at precise temperatures and pressures. The simplest clathrate, hydrogen clathrate 
hydrate, xH2.H2O, where x < 2, requires pressures around 2 kbar at 300 K to form.
[184] 
The addition of small amounts of ligands such as THF (tetrahydrofuran) or TBAB (t-
butyl ammonium bromide) can lower the pressure below 100 bar, but this decreases the 
maximum hydrogen storage to below 5 wt %. The formation kinetics of clathrates are 
currently too slow for automotive applications, although they may find other uses. 
 
In terms of manufacturing cost, nanoporous polymer foams are the easiest to produce 
cheaply and in large quantities, as they use existing industrial processes.
 [183] Inorganic 
nanotubes could also potentially be produced by high-pressure hydrothermal methods 
on a large scale from low-cost starting materials such as SiO2, Al(OH)3, TiO2. Materials 
such as MOFs, chemical hydrides and carbon materials may be more expensive and 
complicated to produce as their synthesis can require the use of heavy metals, high 
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Table   2.5.  A comparison of  the  gravimetric storage  capacities, operating  temperatures,  and 
disadvantages associated with current hydrogen storage materials. The abbreviation rehydr. = 
rehydrogenation. 
 
Material  Formula (e.g.)  Capacity/ 
wt % 
T/ K  Disadvantages  Refs. 
Compressed H2   
(700 bar) 
H2  4.8, with 
tank 
298  Heavy tank, 
explosion risk 
[185] 
Liquid H2  H2  5.1, with 
tank 
20  Very low T  [186] 
Chemical hydrides: 
Alanates  NaAlH4  5.6 – 9.3  373 -
473 
High rehydr. P  [187] 
Borohydrides  (Na,Li)BH4  ≤ 13.4  > 453  Slow H2 release  [187] 
Amides/ Imides  Mg(NH2)2  ≤ 7.4  ≈ 573  High rehydr. T  [187] 
Amino boranes  NH3BH3  19.6  > 383  Slow H2 release  [187] 
Alane  AlH3  10  < 373  High rehydr. P  [187] 
Interstitial hydrides: 
Transition metal 
alloys 
TiFe, LaNi5  ≤ 1.95  ≈ 298  Low capacity  [188] 
Hydrogen Clathrates: 
ligand-stabilised 
clathrates 
(H2)x.THF.17H2O  ≤ 4  270 - 
300 
High P, slow 
formation 
[189] 
Porous Materials: 
MOFs  [ZnO4]
6+ (R)n  ≤ 7.5  77  Air sensitive, 
low T 
[190] 
Zeolites  Na2Al2Si3O10.2H2O  ≤ 2.5  77  Low capacity, 
low T 
[191] 
Carbon materials  C ( + metal doped)  ≤ 6.9  77 - 
298 
Expensive, may 
need low T 
[192] 
Polymeric foams  Polymer (R)n  ≈ 1.5  77  Low capacity, 
low T 
[193] 
Inorganic nanotubes  BN, H2Ti3O7, 
MxSi2O5(OH)4 
≤ 4  77 - 
298 
Fairly low 
capacity, may 
need low T 
[207-217] 
Prussian blue 
analogues 
Cu3[Co(CN)6]2  ≤ 1.8  77  Low capacity, 
low T 
[194] 
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Although it is not always measured, the volumetric storage of hydrogen, measured in 
grams H2 per litre volume (g L
-1), is important in addition to the gravimetric storage, 
because the storage tank should ideally occupy as little volume as possible. From the 
limited data available it appears that chemical  hydrides are usually superior to high 
surface-area physisorption materials,  having volumetric capacities around 100 g L
-1, 
compared to approximately 30 g L
-1 for physisorption materials
 [195] which is similar to 
the capacity of compressed H2.
[185] By comparison, the 2015 DOE target for volumetric 
storage of hydrogen is 81 g L
-1.
[18]  
 
 
2.5.5.  Feasibility of meeting the DOE targets 
 
It is clear that, although superior in several ways, the currently known materials which 
chemically  absorb  hydrogen  are  not  ideal,  as  they  suffer  from  slow  reactivity  and 
release of H2, and require high rehydrogenation temperatures and pressures. They also 
exhibit a tendency to degrade in performance over time and have high air sensitivity, in 
some cases being explosive upon contact with air.
 [195] Although some compounds such 
as alanates and amino boranes apparently exceed the DOE targets,
[185] their use is not 
practical because of their air-sensitivity, explosive nature, and slow H2 release kinetics.  
 
As  regards  materials  designed  to  adsorb  hydrogen,  it  is  expedient  to  question  the 
feasibility  of  these  materials  achieving  the  2015  DOE  gravimetric  and  volumetric 
targets of 9 wt % and 81 g L
-1 adsorption.
[18] To simultaneously achieve these targets 
would require the adsorbent material to have a density no larger than 0.9 g cm
-3, in other 
words less dense than water. This suggests that only highly porous materials composed 
of light elements are suitable. Since hydrogen is not known to physisorb beyond a thin 
layer (< 1 nm) on any surface, the surface area of the material must be extremely high, 
greater than 1000 m
2g
-1, if sufficient hydrogen is to be adsorbed per unit volume. Only 
3-D molecular frameworks, single layer graphene, or nanotubes with walls one atom 
thick will meet this requirement. 
[182]  
 
However, several strategies could be adopted to overcome this limitation of thin-layer 
adsorption which necessitates the use of very high surface areas only found in a narrow 
range of materials. One example is the doping of materials with metals to create effects 
such  as  charge  transfer  and  the  Kubas  interaction.  According  to  several  theoretical Chapter 2: Literature Review    44 
   
 
studies, this may increase the binding energy of hydrogen to the material surface above 
the normal range of 2 – 4 kJ mol
-1 for weak Van der Waals interactions.
[196
197198
-
199
200] This 
could increase the volumetric hydrogen storage of a material enough that the material 
density could be > 0.9 g cm
-3 and the gravimetric storage target would still be met.  
 
Another  proposed  strategy  of  increasing  hydrogen  storage  is  to  use  materials  with 
specifically  shaped  pores,  with  the  idea  that  ‘clathrates’,  specific  arrangements  of 
functional groups in space capable of binding several hydrogen molecules, could be 
formed inside these pores. This possibility has been suggested specifically for inorganic 
nanotubes, which are discussed in the following section. 
 
2.5.6.  Hydrogen storage in inorganic nanotubes 
 
This thesis focuses on the use of inorganic nanotubes in the storage of hydrogen. The 
main body of research has centred on carbon nanotubes, because they possess a high 
surface area and walls one atom thick, and thus meet the requirements discussed in 
Section 2.3.5. However, the interaction energy  of H2 with sp
2 carbon is very  weak, 
approximately  4  kJ  mol
-1,
[201]  so  the  raw  nanotubes  show  only  modest  (1-2  wt  %) 
adsorption at 77 K. Their performance has been improved by doping with metal atoms 
or ions, 
[202, 203] but still falls short of the DOE targets. This has prompted investigation 
into other inorganic nanotubes, in order to investigate whether the binding energy of 
hydrogen with these nanotubes is higher. 
 
Comparison of reported literature values for different nanotubes is difficult due to the 
different techniques (volumetric, gravimetric, or thermal desorption spectroscopy) used, 
the different sample masses and volumes, and the varying temperature and pressure 
ranges studied. There was a great controversy centred around early reports of hydrogen 
storage  in  carbon  nanotubes,  as  the  values  reported  were  impossibly  high, 
[176,  182] 
bringing the techniques used and the purity of the samples into question. As there is no 
standard technique for measuring hydrogen adsorption and desorption, the techniques 
used in each report must be subjected to careful scrutiny before conclusions are reached. 
 
The current published gravimetric data for hydrogen storage in inorganic nanotubes at 
both cryogenic and ambient temperature is summarised below in table 2.6. Most reports 
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the surface becomes saturated at fairly modest pressures, usually between 1 – 30 bar. 
Saturation of the adsorption layer at >> 30 bar usually indicates that additional forces 
are present which allow H2 molecules to partially dissociate (as on a Pt or BN surface 
for example) 
[204 -
20 5
 206] and pack more closely onto the surface.  
 
Table    2.6.  Maximum  excess  hydrogen  adsorption  capabilities  of  inorganic  nanotubes,  at 
different temperatures. TiNT = titanate nanotubes, and P is the equilibrium saturation pressure 
at which maximum hydrogen adsorption, in wt %, was achieved. 
 
Nanotube  H2 ads. / wt %  P / bar  T / K  Technique  Ref. 
SWCNT  0.63  < 45  298  TPD 
[207] 
MWCNT  0.05 
1.9 
< 45 
20 
298 
77 
TPD 
volumetric 
[207] 
[208] 
BN  2.5  100  298  gravimetric 
[209] 
TiS2  2.5  40  298  volumetric 
[210] 
MgS  2.2  33.6  298  volumetric 
[211] 
TiNT  0.33 
4.0 
20 
2 
298 
77 
volumetric 
gravimetric 
[212] 
[213] 
Ni
2+-doped TiNT
  1.03  20  298  volumetric 
[214] 
Pd-doped TiNT  1.03  20  298  volumetric 
[212] 
Co
2+-doped TiNT
  0.8  20  298  volumetric 
[212] 
Cu
2+-doped TiNT
  0.34  20  298  volumetric 
[212] 
TiNT doped with Cd-
Prussian blue 
12.5  100  77  volumetric 
[215] 
CuSiO3.2H2O  1.6  30  298  volumetric 
[45] 
Mg3Si2O5(OH)4  0.72  24  298  volumetric 
[45] 
SiO2  0.07  5  77  gravimetric 
[216] 
Li-doped SiO2  0.18  10  77  gravimetric 
[216] 
Pd-doped SiO2  1.9  35  298  volumetric 
[217] 
 
 
A comparison of the data for the raw, undoped inorganic nanotubes in Table 2.6 reveals 
that,  at  room  temperature,  BN,  TiS2,  and  MgS  nanotubes  achieve  the  highest 
gravimetric  adsorption.  Adsorption  on  titanate,  copper  and  magnesium  silicate 
nanotubes at room temperature is modest compared to the above materials (see Figure 
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require less extreme synthesis temperatures and pressures compared to BN and metal 
sulphide  nanotubes.
[209 -  211]  Silica  (SiO2)  nanotubes  synthesised  through  templating 
methods show very poor hydrogen adsorption, adsorbing less than 0.1 wt % even at 
77 K. 
 
Figure    2.17.  PCT  isotherms  of  excess  hydrogen  adsorption  at  298  K  for  (￿)  TiS2,  (●) 
CuSiO3.2H2O, (□) Mg3Si2O5(OH)4, and (○) titanate nanotubes.
[45, 210, 212] The plots have been 
rescaled to a linear x-axis scale for the equilibrium pressure (Peq).  
 
The precise mechanism by which hydrogen may adsorb onto the surface of undoped 
inorganic nanotubes such as metal silicates, titanates or silica has not yet been explored 
by any research, although several suggestions have been made as to why these single- or 
multi-layered nanotubes adsorb hydrogen, including the suggestion that “clathrate-type” 
structures  may  form  in  the  interlayer  spaces  of  multiwalled  titanate  nanotubes, 
explaining the promising 4 wt % adsorption of these nanotubes measured at 77 K. 
[213] It 
is  possible  that  similar  and  possibly  stronger  effects  occur  in  other  metal  oxide 
nanotubes which have not yet been studied. This is the reason behind the investigations 
carried out in this thesis. 
 
It is clear from Table 2.6 that doping inorganic nanotubes with appropriate materials can 
further enhance their hydrogen adsorption properties. This has been most extensively 
studied with titanate nanotubes.
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al. 
[212] adsorbed 0.33 wt % hydrogen at 298 K, which could be increased to slightly 
above 1 wt % by either doping the titanate nanotubes with Pd nanoparticles through 
reduction of H2PdCl4 onto the nanotube surface, or by ion-exchanging the nanotubes 
with approximately 10 wt % Ni
2+ or Co
2+ ions.
  [212,  214] By way of comparison, the 
hydrogen adsorption of
  SiO2 nanotubes appears to greatly improved by doping with Pd 
metal or Li
+ ions, though it should be noted that the Pd-doped SiO2 nanotubes were 
made via a different method than the other raw and Li-doped SiO2 nanotubes, and had a 
larger surface area.
[216, 217] 
 
The  decoration  (via  ion-exchange)  of  titanate  nanotube  surfaces  with  microporous 
Cd3[Fe(CN6)]2 Prussian blue analogues appears to give a large increase in the cryogenic 
adsorption of hydrogen at 77 K, up to 12.5 % which would exceed the DOE target, but 
it is worth noting that (i) this effect does not appear to operate at room temperature, 
[215] 
which limits its application, (ii) cadmium compounds are highly toxic, and thus large 
scale use would not be advisable and (iii) the isotherms in this report have a rather 
unusual appearance compared with previous data for nanotubes (Figure 2.17), which 
could be caused by idiosyncrasies of the equipment at low temperature (see Chapter 8 
for explanation on how raw data should be temperature-corrected).  
 
It  has  been  suggested  that  doping  nanotubes  with  metals  or  metal  ions  increases 
hydrogen adsorption by inducing an uneven distribution of charge between the nanotube 
surface and the doping material, which could distort the electron distribution of surface-
adsorbed hydrogen molecules and thus provide an extra contribution to bonding.
[218, 219] 
The form of doping which has achieved the most successful results is based around a 
phenomenon known as ‘hydrogen spillover’, in which catalyst particles of a material on 
which hydrogen has a low energy barrier to dissociation at room temperature, such as 
Pt, are decorated onto the surface of a porous material. Hydrogen molecules dissociate 
on the surface of the catalyst particles, and the dissociated molecules may then diffuse 
onto the surface on which the catalyst particles are adsorbed. This method has already 
achieved promising results in MOFs,
[220] and could also be applied in some metal-doped 
nanotubes.
[221]  Fully  describing  the  mechanism  of  hydrogen  adsorption  on  doped 
nanotubes would require a comparative study of results from computational methods 
such as grand canonical Monte Carlo simulations
[222] with experimental data.
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Chapter 3:   Experimental Methodology 
 
In  this  thesis,  nanostructured  metal  oxides  were  synthesised  using  hydrothermal 
methods and were analysed for their hydrogen adsorption properties using a volumetric 
method.  This  Chapter  describes  in  detail  the  experimental  procedures  which  were 
followed. Section 3.1 describes the reagents and range of conditions which were used to 
synthesise nanosheets and nanotubes consisting of (1) Ge-doped aluminosilicates, (2) 
germanium-imogolite Al2GeO3(OH)4, (3) nickel silicates, and (4, 5) vanadium oxide. 
Section  3.2  describes  experiments  designed  to  measure  the  long  term  stability  of 
naturally occurring (non-synthetic) halloysite nanotubes in concentrated and dilute acid 
and alkaline suspensions, and Section 3.3 outlines the decoration of natural halloysite 
with Prussian blue Fe3[Fe(CN)6]2 nanoparticles. Section 3.4 explains how apparatus was 
designed to measure the relationship between the equilibrium vanadium concentration 
and  temperature  in  the  vanadium  oxide  nanotube  synthesis  precursor  suspension 
(described in Section 3.1.4). Section 3.5 outlines the techniques (electron microscopy, 
nitrogen adsorption, Fourier-transform infrared spectroscopy, Raman spectroscopy and 
x-ray diffraction) used to characterise the solid products of the hydrothermal reactions 
from section 3.1 and the acid and alkaline treated halloysite nanotubes from Section 3.2. 
The use of colorimetric analysis to determine solution concentrations of metal species is 
described  in  Section  3.6.  Finally,  the  volumetric  analysis  of  hydrogen  adsorption 
properties of the nanostructured materials is described in Section 3.7. 
 
 
3.1.  Hydrothermal synthesis procedures 
 
3.1.1.  Germanium-doped aluminosilicates 
 
A  synthesis  procedure  was  adapted  from  methods  of  preparation  of  kaolinite, 
Al2Si2O5(OH)4, reported in references
  [113,  223].
 2.5 mmol of Al(OH)3 was mixed with 
(2.5-x) mmol of SiO2 and x mmol of GeO2 (x = 0, 0.125, 0.25, 0.5 and 1.25), following 
the addition of 20 cm
3 distilled water (< 20  S m
-1). The molar fraction of added GeO2 
(X), calculated as the amount of GeO2 divided by the sum of SiO2 + GeO2 (X = x/2.5), Chapter 3: Experimental Methodology    50 
   
 
was equal to 0, 0.05, 0.1, 0.2, and 0.5, respectively. The resulting suspensions were 
stirred vigorously for 15 minutes in a polypropylene beaker and sonicated for 5 minutes 
to break up aggregates of starting material. The sonicated mixtures were acidified to pH 
2 by adding 1 mol dm
-3 HCl drop-wise, then transferred to a Teflon-lined autoclave and 
heated at 220 ºC for 7 days. After the reaction, the white powdery solid samples were 
separated from the fluid and thoroughly washed with water until the conductivity of the 
solution was < 20  S m
-1. The samples were dried for 24 hours under vacuum at 25 ºC. 
  
3.1.2.  Single- and double-walled germanium-imogolite nanotubes 
 
Pure germanium imogolite, in which Ge atoms occupy all the sites usually filled with Si 
in the imogolite structure, was synthesized using a procedure based on that of Levard et 
al.
 [122] For the synthesis of double-walled germanium imogolite, 1.207 g of AlCl3.6H2O 
was dissolved in 10 cm
3 distilled water (< 10  S m
-1) to make a 0.5 mol dm
-3 solution. 
Meanwhile, 0.261 g of GeO2 was dissolved in 10 cm
3 of a 0.5 mol dm
-3 NaOH (Fisher 
Scientific, > 97 %) solution. This solution containing dissolved Ge(IV) was added drop 
wise to the AlCl3.6H2O solution, at a rate of 1.5 cm
3 per minute under vigorous stirring, 
resulting in a solution with a final AlCl3.6H2O concentration of 0.25 mol dm
-3.  The 
hydrolyzed solution was left to stir (≈ 200 rpm) overnight for at least 12 hours until the 
solution  was  transparent,  and  was  then  transferred  to  a  40  cm
3  Teflon-lined  steel 
autoclave and heated at 95 ºC for 5 days. Afterwards the solution was cooled and salts 
were removed via dialysis against distilled water in  a dialysis  cassette containing a 
10,000  Da  membrane.  The  distilled  water  was  changed  every  12  hours  until  the 
conductivity was ≤ 10  S m
-1. Solid Ge-imogolite fibres consisting of bundles of close-
packed nanotubes were then obtained from the purified suspension remaining in the 
dialysis cassette by evaporating the water from the suspension on the surface of a glass 
crystallizer at 50 – 60 ºC. 
 
The  synthesis of  single-walled  Ge-imogolite  was  performed  in an  identical fashion, 
apart  from  the  doubling  of  all  quantities  of  AlCl3.6H2O,  GeO2  and  NaOH  solids 
dissolved into  the  starting  materials to make  a  doubly-concentrated  solution  with  a 
0.5 mol dm
-3 concentration of AlCl3.6H2O, in line with the experimental methods of 
Maillet et al. 
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3.1.3.  Nickel silicates 
 
A procedure adapted and modified from the work of Yang et al. 
[47] was followed. 
Nickel chloride, NiCl2.6H2O (Scientific & Chemical supplies Ltd., cat. number NI030) 
was added to 30 cm
3 distilled water in a polypropylene beaker and stirred until all the 
salt had dissolved. 4 cm
3 of 0.5 mol dm
-3 of Na2SiO3 (Alfa Aesar, cat. number 17568) 
solution was rapidly added resulting in a light green precipitate; the mixture was then 
stirred for 10 minutes. The mass of NiCl2.6H2O used was 0.47, 0.71, 0.95 and 1.4 g 
corresponding to a molar Ni/Si ratio of 1, 1.5 2, and 3 respectively. After stirring, a 
controlled mass of NaOH (Fisher Scientific, > 97 %) was added to the suspension to 
make a solution containing 0, 2, 4, 7, 10 or 15 wt% NaOH (6 g NaOH added = 15 wt 
%). The suspension was stirred for a further 10 minutes, and then transferred to an 
autoclave and heated at 195 ºC for 2 days without any stirring. The solid products were 
separated  from  solution,  and washed  by  centrifugation until the conductivity  of  the 
washing solution was ≈ 10   S m
-1. The solids  were  then  dried for 24 hours under 
vacuum at 25 ºC. 
 
3.1.4.  Vanadium oxide nanotubes 
 
To synthesize vanadium oxide (VOx) nanotubes, the method of Niederberger et al. 
[37] 
was followed. A mixture of 15 mmol (2.73 g) V2O5 (Acros Organics, > 98 %) and 15 
mmol (2.18 g) dodecylamine (Acros Organics, > 98 %) was dispersed in 5 cm
3 ethanol 
then  stirred  vigorously    for  2  hours.  15  cm
3  of  distilled  water  (< 10   S  m
-1)  was 
immediately  added  and  the  suspension  was  stirred (≈  200  rpm)  for  48  hours.  This 
formed a dodecylamine-intercalated-V2O5 precursor suspension, which was transferred 
to an autoclave and heated for 7 days at 180 ºC. The resulting black solid was washed 3 
times with approximately 100 cm
3 ethanol, followed by 3 washes with approximately 
50 cm
3 hexane to remove any excess amine then dried for 24 hours under vacuum at 
25 ºC. 
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3.1.5.  Low temperature synthesis of vanadium oxides 
 
In order to investigate the effect of temperature and solvent type on the synthesis of 
vanadium oxide nanostructures, the method given in Section 3.1.4 was used without 
alteration except that a synthesis temperature of 140 ºC was used for 7 days. A synthesis 
temperature of 220 ºC was also used in a separate 7 day hydrothermal treatment to 
investigate the effects of excessive heating. 
 
Experiments  were  also  carried  out  at  a  much  lower  temperature under  atmospheric 
conditions  without  the  use  of  an  autoclave.  The  dodecylamine-intercalated-V2O5 
precursor  suspension  was  prepared  exactly  the  same  way  as  in  Section    3.1.4.  The 
resulting 20 cm
3 suspension was transferred into a round-bottomed glass flask connected 
to a glass condenser filled with flowing water and heated to 90 ºC in an oil bath for up 
to 21 days. The solution reached reflux conditions at 90 ºC within a few hours after the 
evaporation of most of the 5 cm
3 ethanol added to the precursor. After reaching 90 ºC 
the  suspension  was  not  stirred.  Small  samples  of  solid  (<  200  mg)  were  removed 
periodically and washed with ethanol and hexane before drying under vacuum at 25 ºC. 
 
The above procedure was repeated with the addition of liquid ethylenediamine (Aldrich, 
99 %) to the dodecylamine-intercalated-V2O5 precursor suspension before heating at 
90 ºC,  to  make  a  0.001,  0.01,  0.1  or  1  mol  dm
-3  ethylenediamine  solution.  The 
ethylenediamine  was  added  as  a  chelating  agent  to  increase  the  solubility  of  V(V) 
species at  90 ºC.  
 
 
3.2.  Stability experiments for natural halloysite  
 
The  long  term  stability  of  halloysite  nanotubes,  Al2Si2O5(OH)4,  in  solution  was 
measured  by  aging  natural  samples  of  halloysite  in  acid  and  alkaline  solutions  of 
varying  strength  and  concentration  and  determining  the  concentration  of  dissolved 
Al(III) species Si(IV) and characterising  the remaining solids over a period of time 
from 0 – 84 days (3 months). 
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3.2.1.  Reagents 
 
Sodium hydroxide (NaOH, > 97 %), sulphuric acid (H2SO4, > 95 %), hydrochloric acid 
(HCl, 35-38 % solution), acetic acid (CH3COOH, > 99 %) and ammonium molybdate 
((NH4)2MoO4, > 98 %), were purchased from Fisher Scientific UK. Samples of natural 
halloysite  (cat.  number  685445),  pyrocatechol  violet  (cat.  number  32672), 
hexamethylenetetramine (≥ 99.5 %), L-(+)-tartaric acid (≥ 99.5 %) and L-(+)-ascorbic 
acid (≥ 99.0 %) were purchased from Sigma Aldrich. All chemicals were used without 
further purification.  
 
3.2.2.  Long term stability studies of halloysite 
 
For each sample, 100 mg of halloysite was weighed to an accuracy of ± 0.5 mg inside 
30 cm
3 polypropylene vials and 10 cm
3 of 0.001 – 1 mol dm
-3 NaOH, H2SO4, HCl, and 
CH3COOH aqueous solutions were added under stirring using an Eppendorf pipette, to 
an accuracy of ± 0.08 cm
3. A blank sample of halloysite suspended in distilled water 
was also prepared. All vials were closed and kept at room temperature (22 ± 2 ºC) 
without any further stirring.  
 
3.2.3.  Preparation of solids for sample characterisation 
 
After a period of 28 or 84 days, the solids were extracted from the solution by vacuum 
filtration,  and  thoroughly  washed  with  distilled  water  until  the  conductivity  of  the 
washing  solution  was  <  10   S  m
-1.  The  products  were  then  dried  overnight  under 
vacuum at 25 ºC. 
 
3.2.4.  Preparation of solution for colorimetric analysis 
 
At  specific  points  in  time  during  the  acid/base  treatment  of  halloysite,  the  total 
concentrations  of  dissolved  Al(III)  and  Si(IV)  were  measured  using  colorimetric 
methods with pyrocatechol violet 
[224] and molybdate 
[225] respectively (Section 3.5.1). To 
prepare samples for analysis, an aliquot of 0.02 – 0.2 cm
3 was taken from each sample 
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concentration  was  in  the  range  5  –  20   mol  dm
-3  and  estimated  total  Si(IV) 
concentration was in the range 0.05 – 0.5 mmol dm
-3. 
 
 
3.3.  Ion-exchange decoration of natural halloysite with Prussian blue 
 
To  produce  halloysite  decorated  with  Prussian  blue  (Fe3[Fe(CN)6]2)  for  hydrogen 
adsorption  studies (Section  3.7),  1  g  of  halloysite  was  ion-exchanged  with Fe
2+  by 
suspension in 50 cm
3 of a saturated 0.75 mol dm
-3 FeSO4 solution, followed by vigorous 
stirring for 36 hours. The solution was then removed under vacuum filtration and the 
solids were washed by centrifugation in distilled water until the sample conductivity 
was < 10  S m
-1. The sample was dried overnight under vacuum, then suspended in 50 
cm
3 of a 0.25 mol dm
-3 solution of K3[Fe(CN)6] and stirred vigorously for 24 hours, to 
produce small particles of Fe3[Fe(CN)6]2 on the nanotube surface. The nanotubes were 
washed by centrifugation in distilled water until the conductivity was < 10  S m
-1. The 
solids were then dried under vacuum overnight at 25 ºC. 
 
 
3.4.  Measurement of equilibrium vanadium(V) concentration 25 - 90 ºC 
 
3.4.1.  Design of experiment 
 
The purpose of this experiment was to establish a numerical relationship between the 
equilibrium  concentration  of  dissolved  vanadium  (V)  and  the  synthesis  temperature 
during  the  synthesis  of  VOx  nanostructures  from  a  suspension  of  dodecylamine-
intercalated V2O5 (section 3.1.4). It is  impractical to measure V(V) concentration at 
higher  temperatures  close  to  and  above  the  boiling  point  of  the  solution  (which  is 
between  90-100  ºC), since  the  extracted  samples will become  concentrated  through 
rapid evaporation of solvent during extraction and give erroneous results. Therefore, the 
equilibrium concentration of dissolved V(V) was measured within the range 25 – 90 ºC, 
and  the  concentration-temperature  relationship  was  extrapolated  up  to  180  ºC  to 
estimate the  equilibrium concentration of the dissolved V(V) during the synthesis of 
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To determine the equilibrium concentration of vanadium (v) at various temperatures, a 
dodecylamine-intercalated V2O5 precursor suspension was prepared (see Section 3.1.4) 
in a Pyrex glass round-bottom flask. The suspension was transferred to an oil bath on a 
stirrer hotplate, and 150 cm
3 distilled water was added. The diluted suspension was then 
heated  to  90  ºC  and  stirred  vigorously  for  24 hours,  which  from  measurements  of 
vanadium (V) concentration using the BPHA method 
[226] (see Section 3.5.2) over 3 
days  was  found to be sufficient  time  to establish  equilibrium. Three  small  solution 
samples of 2 cm
3 volume were collected using a special apparatus (Section 3.4.2), and 
set aside for concentration analysis. The temperature of the apparatus was subsequently 
reduced to 78, 65, 50, 38 and 26 ºC, in sequence; three 2 cm
3 solution samples were 
collected  at  each temperature.  The  time  allowed  for  equilibrium  to be  reached  was 
scaled up accordingly  at the  lower temperatures; two days were required at 65 and 
78 ºC, 4 days at 50 ºC, and 7 days at 38 and 26 ºC in order to establish an equilibrium 
concentration of vanadium (V), which was approached from supersaturation.  
 
3.4.2.  Extraction of samples for concentration analysis  
 
The special design of the heating apparatus (Figure 3.1) enables solution to be rapidly 
filtered through a track-etch membrane (pore size 200 nm) and a grade 4 ground glass 
filter (pore size 10 – 16  m) under vacuum. This allows safe filtration which is rapid 
enough to collect solution before it undergoes too much cooling. 
 
 
Figure    3.1.  Apparatus  used  to  filter  vanadium  suspensions  to  collect  the  solution  for 
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The  track-etch  membrane  was  connected  to  the  glass  filter  by  attaching  dry,  clean 
Teflon  tape  around  the  membrane  edges.  The  suspension  was  stirred  at  a  rate  of 
approximately 200-300 rpm, and the oil bath was also stirred at this rate to ensure an 
even heating distribution.  
 
 
3.5.  Characterisation of solid products 
 
3.5.1.  Transmission electron-microscopy 
 
All solid samples from Sections   3.1 and   3.2 were examined using electron microscopy. 
Transmission electron microscopy (TEM) micrographs were prepared on S147-3 copper 
grids coated with perforated carbon film (Agar Scientific), by moving the grid through a 
finely powdered sample several times. TEM images were recorded using a JEOL 3010 
transmission electron microscope operating at an accelerating voltage of 300 kV. This 
instrument  was  also used to perform  selected  area electron diffraction (SAED)  and 
energy dispersive x-ray spectroscopy (EDX). The EDX spot size was in the range 20 – 
50  nm.  To  ensure  that  the  micrographs  represented  the  sample  composition  as 
accurately as possible, at least 20 different areas of the TEM grid were analysed for 
each  sample.  It  should  be  noted  that  electron  microscopy  only  characterises  a 
microgram-sized portion of the sample, and bulk characterisation techniques such as 
nitrogen adsorption, ICP atomic emission spectroscopy and X-ray diffraction should be 
used to support the TEM observations where possible.  
 
3.5.2.  Scanning electron-microscopy and length distributions 
 
Samples  for  scanning  electron  micrographs  were  prepared  by  depositing  a  few 
milligrams of powder onto double-sided graphite conductive tape. SEM images were 
recorded using a JSM 6500F thermal emission scanning electron microscope, operating 
at an accelerating voltage of 15 kV. 
 
To measure length distributions of nanotubular samples from Sections   3.1.3 and   3.2.3, a 
few milligrams of the  sample was suspended in 5 cm
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vigorous stirring. The suspensions were deposited as 1  m
3 drops onto ultrasonically-
cleaned pieces of silicon wafer, and were left in air until the ethanol had evaporated. 
SEM images of these suspensions deposited onto the silicon wafers were analysed using 
digital  imaging  software  (Corel  graphics  suite)  to  produce  a  percentage  length 
distribution of nanotubes. The length of at least 100 nanotubes was measured in each 
sample, and the images were carefully studied at higher magnification (×10-20 k) to 
rule out artefacts (such as nanotubes overlaying each other) as far as possible. However, 
it should be noted that some artefacts could not be eliminated, such as the bright haloes 
caused  by  excess  secondary  electrons  which  may  appear  around  non-conductive 
particles. These haloes make the particle appear up to ≈ 10 nm larger around the edges. 
 
3.5.3.  Nitrogen adsorption 
 
Nitrogen adsorption isotherms at – 196 ºC were used for bulk analysis of the specific 
surface area, pore volume, and pore size distribution of all samples. The instrumentation 
used was a Micromimetrics Gemini 2375 Surface Area Analyser.  
 
All  samples  were  subjected  to  calcination  pre-treatment  under  vacuum  to  remove 
surface adsorbed water from pores. For all the samples, it was found that 1 hour at 120 
ºC was sufficient to remove > 95 % of the adsorbed water, except in the case of Ge-
imogolite  nanotubes which are  highly microporous. The Ge-imogolite samples were 
calcined at 200 ºC for 12 hours. The mass of the samples was measured after calcination 
using a balance accurate to ± 0. 05 mg. 
 
The total free space in the tube containing the sample was calibrated against a reference 
volume using helium gas. The ambient pressure, P0 was measured and data points were 
collected for adsorption and desorption at various pressure, P, between 0 < P/ P0 < 1 
using  nitrogen  gas (BOC, 99.99 %). The isotherm points plotted were expressed as 
volume adsorbed per unit mass of sample, in cm
3g
-1 units. This quantity was calculated 
by the Analyser at each P/ P0 using a nitrogen equation of state at 77 K. 
 
BJH pore-size distributions were calculated from the desorption isotherm by applying 
the Barrett-Joyner-Halenda scheme for mesopore size distribution.
  [72] The desorption 
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of the gas-liquid interface in desorption. The BET specific surface area of the sample 
was calculated using BET theory, 
[71] and the specific total pore volume was defined as 
the cm
3 volume of nitrogen adsorbed per gram of material at pressure P/P0 = 0.97.  
 
3.5.4.  FTIR and Raman spectroscopy 
 
Fourier transform infrared (FTIR) spectroscopy was performed on the samples from 
Sections  3.1.1,    3.1.3,  and    3.2.3  (germanium  aluminosilicates,  nickel  silicates,  and 
acid/alkali treated halloysite respectively). The instrumentation used was a Nicolet iS10 
spectrometer  (Thermo  Fisher  Scientific)  with  a  “golden  gate”  attachment  for  solid 
samples.  
Raman spectra of the products of section   3.2.3 were performed using a Renishaw 2000 
spectrometer with HeNe laser (λ = 632.8 nm) excitation. 
 
3.5.5.  X-ray diffraction 
 
X-ray  diffraction  was  performed  on  nickel  silicate,  vanadium  oxide  and  acid-  and 
alkaline-treated halloysite samples using a D5000 diffractometer (Siemens), with CuKα 
radiation  (λ  =  0.154  nm).  The  diffractometer  was  optimised  for  finely  powdered 
samples. 
 
3.5.6.  ICP atomic emission spectroscopy 
 
Analysis of the Al, Si, and Ge content in the Ge-doped aluminosilicates produced in 
section 3.1.1 was performed using ICP (inductively coupled plasma) spectroscopy by a 
Perkin-Elmer Optima 2100 DV system. 
 
 
3.6.  Colorimetric Methods 
 
3.6.1.  Measurement of dissolved Al (III) and Si(IV) during halloysite dissolution 
 
For  analysis  of  Al(III),  the  diluted  solution  from  Section  3.2.3  was  acidified  with 
sulphuric acid, then mixed with 0.1 cm
3 of 1.3 mmol dm
-3 pyrocatechol violet in 9 cm
3 
pH 5.9 hexamine buffer, made up to 10 cm
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colour  for  15 minutes  at  room  temperature.  The  concentration  of  the  complex  was 
determined  using  a  UV-vis  spectrometer  (Scinco  Neosys  2000)  by  measuring  the 
characteristic absorbance band at 580 nm. 
 
 For analysis of Si(IV), the diluted solution was mixed with 0.08 cm
3 of 0.1 mol dm
-3 
ammonium  molybdate,  forming  a  complex  which  was  then  reduced  to  deep-blue 
molybdenum blue, H8SiMo12O40.12H2O by the addition of 0.08 cm
3 of 0.1 mol dm
-3 of 
ascorbic acid. After 1 hour colour development, the characteristic absorbance of the 
molybdenum  blue  was  measured  at  650  nm  (see  Appendix  B,  page  183,  for 
characteristic  spectra  of  Al(III)-pyrocatechol  violet  and  Si(IV)-molybdenum  blue 
complexes, and page 185 for calibration curves).  
 
3.6.2.  Measurement of dissolved vanadium (V) equilibrium concentration 
 
Each 2 cm
3 sample extracted at 25 – 90 ºC was re-heated to the temperature at which it 
was extracted inside a closed vial in a hot water bath. The samples were then mixed 
with 2 cm
3 of 0.012 mol dm
3 BPHA (N-benzoyl phenyl hydroxylamine) solution in 
chloroform, and thoroughly shaken for 30 seconds. The organic layer was extracted, and 
the aqueous layer was washed with 2 cm
3 of chloroform. This chloroform was added to 
the previous organic layer, and the resulting purple solution was made up to 10 cm
3 with 
additional chloroform. The concentration of the complex was determined by measuring 
the  characteristic  absorbance  band  at  535  nm  (see  Appendix  B,  page  183-186,  for 
characteristic spectra of the V(V)-BPHA complex, and for calibration curves). 
 
 
3.7.  Hydrogen Adsorption Isotherms 
 
3.7.1.  Instrumentation and gas supply 
 
Hydrogen adsorption and desorption was measured using a PCT-Pro 2000 (Hy-Energy) 
volumetric apparatus (Figure 3.2). To  control  the  temperature of  the  sample  holder 
below room temperature, a Cryo-Pro cryostat with an internal heater and temperature 
controller was connected to a supply of liquid nitrogen, to cool the sample with liquid or 
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gas (BOC) with 99.995 – 99.999 % purity. For adsorption studies, the calibrated volume 
of 4.64 cm
3 was used to contain the hydrogen gas aliquot prior to expansion into the 
sample holder (Figure 3.2). The aliquot pressure was set using an ER3000 electronic 
pressure controller. The external temperature around the sample holder was controlled 
using a thermostat heater coil wrapped around the sample holder, and the temperature in 
the centre of the sample was measured using a Pt sensor with an accuracy of ± 2.8 × 
10
-3 K at 77 K. The pressure was measured by two MKS type 870B/ 87B pressure 
transducers: one reading pressures between 0 - 5 bar with a percentage accuracy 1 %, 
and one reading at above 5 bar with a percentage accuracy 1 %. At 150 bar (15 MPa) 
this corresponds to ± 1.5 bar uncertainty. 
 
 
Figure    3.2.  The  flow  system  for  the  PCT-Pro  2000  apparatus.  The    symbol  is  a  valve 
operated by an external nitrogen pressure. SH is the sample  holder, VL is a large reservoir 
volume, Vs a small reservoir volume, and PS, PL and PH refer to the supply, low  and high 
pressure transducers  respectively. Pc is the electronic pressure  controller. The shaded  areas, 
labelled V1 (pink) and V2 (blue), refer to the 4.64 cm
3  calibrated reservoir  volume  and the 
sample holder volume respectively. 
 
 
3.7.2.  Sample preparation and degassing 
 
The  weight of the powdered  samples was measured on  a mass  balance accurate  to 
± 0.05 mg. The samples were then carefully transferred into the steel sample holder 
together with steel spacers which reduced the free volume inside the sample holder. 
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powered material during sample evacuation. The sample holder was then connected to 
the PCT-Pro apparatus using a copper gasket to prevent leaks, and the sample was 
evacuated for 12 hours. 
 
Each  sample  was  calcined  during  the  12  hour  evacuation  period  at  a  specific 
temperature  appropriate  to  their  structure,  in  order  to  remove  most  of  the  surface 
adsorbed  water  (see  Section  3.5.3).  For  the  natural  halloysite  nanotubes  (3.2.1), 
halloysite-Fe3[Fe(CN)6]2 composite (3.3), synthetic nickel silicate (3.1.3) and vanadium 
oxide  (3.1.4)  nanotubes,  a  calcination  temperature  of  120  ºC  was  sufficient. 
Experiments in a separate degassing apparatus in which the sample mass was measured 
before and after calcination showed that after calcination there was a 4 % mass loss for 
halloysite, and the halloysite-Fe3[Fe(CN)6]2 composite (which was shown by EDX to 
contain ≈ 4.7 wt % Fe3[Fe(CN)6]2). The nickel silicate nanotubes used were synthesised 
using a 1.5 Ni/Si ratio in a 4 wt % NaOH solution. These nanotubes showed a 7 % mass 
loss after calcination. For vanadium oxide nanotubes, there was 5 % loss in mass upon 
heating.  It  was  important  that  the  temperature  did  not  exceed  120  ºC,  otherwise 
interlayer  amine  molecules  may  be  removed  (see  Section  2.4.1.)  The  mass  loss 
percentages have been used to calculate the final sample mass after degassing from the 
initial mass in Table 3.1. 
 
Table    3.1.  Calculated  sample  masses  after  degassing  in  the  PCT-Pro  apparatus.  Tc  is  the 
calcination temperature, mi is the initial mass and mf is the sample mass after calcination. 
 
Sample  mi /g  Tc /  ºC  mf /g   wt % H2O 
removed 
Quartz wool (blank)  0.2671  120  0.2671  < 1 
Halloysite MWNTs  0.2669  120  0.2562  4 
Halloysite + 4.7 wt% 
Fe3[Fe(CN)6]2 composite 
0.2671  120  0.2564  4 
Nickel silicate MWNTs  0.2685  120  0.2497  7 
Ge-imogolite SWNTs  0.2673  150  0.2245  16 
Ge-imogolite DWNTs  0.2061  150  0.1731  16 
Vanadium oxide MWNTs  0.2557  120  0.2419  5 
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Although a calcination temperature 200 - 250 ºC is necessary for the microporous Ge-
imogolite single- and double-walled nanotubes (  3.1.2) to remove all adsorbed water,
[227] 
such  high  temperatures  would  damage  the  cryostat  system.  Therefore  an  external 
calcination temperature of 200 ºC, the temperature limit of the cryostat, was used to 
remove adsorbed water during evacuation. This corresponded to a temperature of 150 - 
155 ºC inside the sample. Based on the specific pore volume data from reference 
[78] it 
can  be  assumed  that  ≈  85  %  of  the  surface  adsorbed  water  was  removed  by  this 
treatment. A drop in mass of 16 % for both samples was measured on the degassing 
apparatus at this temperature. 
 
3.7.3.  Volume calibration 
 
After  sample  degassing,  the  sample  holder  volume  was  cooled  to  the  required 
temperature in the range 77 - 298 K using the  cryostat and the sample holder free 
volume was calibrated using helium gas (BOC, 99.996 %). Five cycles of adsorption 
followed by desorption of helium in the pressure range 0 – 3 bars were performed over a 
period  of  90  minutes.  The  change  in  equilibrium  pressure  after  opening  the  valves 
between V1 and V2 (Figure 3.2) was used by the apparatus to calculate the total free 
volume of the sample holder (V2), based on the assumption that helium is not adsorbed 
by the sample or sample holder (as a very light element, He exhibits low Van-der Waals 
binding potential, and above its critical temperature of 5.19 K it cannot condense on a 
surface). The calibrated volumes of each sample are given in Table 3.2 together with the 
standard deviation of the ten volume measurements (5 × adsorption and 5 × desorption). 
 
Table   3.2. Volume  calibration  of samples  using He  at 77 K. The  free  volume given is the 
volume that the same mass of helium gas would occupy at room temperature (298 K). 
 
Sample  Mass/ g  Free volume / cm
3  Free volume Standard 
deviation / cm
3 
Quartz wool (blank)  0.2671  24.8418  0.2557 
Halloysite  0.2562  24.424  0.2343 
Halloysite + 4.7 wt% 
Fe3[Fe(CN)6]2 composite 
0.2564  24.2704  0.2289 
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Ge-imogolite SWNTs  0.2245  22.5879  0.2048 
Ge-imogolite DWNTs  0.1731  23.4660  0.2432 
Vanandium Oxide  0.2419  22.1193  0.2125 
 
It is desirable to have all measurements of free volume as similar as possible (within 
one  standard  deviation)  to  the  blank  non-adsorbing  sample,  so  that  temperature 
corrections  made  to  the  blank  sample  (see  Section  3.7.6.)  can  be  extended  to  all 
samples. This was attempted in all cases by using steel spacers to minimize the sample 
volumes, but it is difficult to achieve an exact volume consistently.  
 
 
3.7.4.  Thermal stability 
 
The thermal stability of the sample depended on the temperature used. At temperatures 
close to 298 K which were not regulated by the cryostat, the thermal stability of the 
sample was ± 0.1 ºC due to heating and cooling of the sample during gas adsorption/ 
desorption. At 77 K, when the sample was immersed in liquid nitrogen, which was 
continually  replenished  by  a  steady  flow  of  liquid  nitrogen  from  the  cryostat,  the 
thermal stability was ± 0.02 ºC. At intermediate temperatures of 77 – 298 K controlled 
by the cryostat, the thermal stability was ± 0.5 ºC as the temperature was controlled by a 
flow of evaporating liquid nitrogen, the rate of which is more difficult to control. 
 
3.7.5.  Measurement of PCT isotherms 
 
Pressure-composition-temperature (PCT) isotherms were recorded in the pressure range 
0 – 150 bar (15 MPa) for adsorption and 150 – 0 bar for desorption. At least 25 data 
points were recorded over this pressure range, with a higher density of points (> 10) 
recorded in the range 0 – 10 bar. 
 
Points  were  recorded  by  setting  an  aliquot  pressure  inside  the  calibrated  4.64 cm
3 
reference volume and opening the valves between V1 and V2 (Figure 3.2) to expand the 
gas into the entire volume. The pressure was measured every 5 seconds until the rate of Chapter 3: Experimental Methodology    64 
   
 
change in gas adsorbed by the sample was < 1 × 10
-4 wt % min
-1, so that the pressure 
readings were taken very close to equilibrium pressure.  
 
3.7.6.  Analysis of raw data and temperature correction 
 
The data output from the PCT-Pro was analysed using an inbuilt Hy analysis macro in 
the software Igor 5.3. The macro contains information about the precise volume of the 
apparatus, which allows calculation of the pressure drop that is due to adsorption on 
materials as opposed to gas expansion into V2. This pressure drop can be converted into 
a mass percentage of hydrogen adsorbed per gram of substance, i.e. wt % adsorption 
(see Section 2.5.2). 
  
The  Igor  software  contains  functions  which  correct  the  data  to  allow  for  real  gas 
compressibility (compressibility factor Z) in the equation 
 
) , ( T p Z nRT pV ⋅ =                       (3.1) 
 
where Z is a function of pressure and temperature determined by the equation of state 
(EOS) of hydrogen. The Igor software also applies a linear temperature correction factor
 
to the data, 
[228] which takes into account the fact that the sample holder volume (V2) is 
not at the same temperature as the reservoir volume (V1) in which each aliquot is held 
prior to expansion. It is assumed that a linear temperature gradient exists between the 
two volumes, such that an averaged temperature Tf would be given by 
[228] 
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where T1 is the temperature of the reservoir and T2 is the temperature of the sample 
holder. Because the exact volume that is held at temperature T2 is unknown (it does not 
exactly correspond to V2 as it depends upon the level of liquid N2 and heat transfer 
coefficients within the system), the Igor software applies a value of Tf to determine an 
effective  sample  holder  volume,  Veff,  in  place  of  V2,  the  measured  sample  holder 
volume, resulting in a temperature-corrected PCT isotherm. The effective sample holder Chapter 3: Experimental Methodology    65 
   
 
volume for the temperature correction is given by substituting Veff for V2 in equation 
(3.2) and rearranging to give 
 
) (
) (
2
1 1
eff T T
T T V
V
f
f
−
−
=                       (3.3) 
 
Since  the  pressure  drop  corresponding  to  adsorption  is  proportional  to  1/Veff,  the 
temperature correction ratio applied to the data by the Igor software is equal to 
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Consequently,  measurement  of  a  blank  sample  that  does  not  adsorb  hydrogen  is 
important: a temperature correction factor must be found that results in a PCT curve that 
is as close as possible to zero over the entire pressure range for a non-adsorbing sample. 
[228] This factor can then be used to correct data for all the adsorbing samples which 
have the same free volume and are at the same temperature as the blank sample.  Chapter 3: Experimental Methodology    66 
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Chapter 4:   Synthesis of Al2Si2O5(OH)4 (Halloysite) 
Nanotubes in the Presence of GeO2 
 
4.1.  Introduction 
 
The conclusion from previous studies that Al2Si2O5(OH)4 exhibits a strong tendency to 
crystallise  as  flat  plate-like  crystals  of  kaolinite  rather  than  nanotubular  halloysite 
because  of  the  superior  thermodynamic  stability  of  kaolinite 
[131]  has  previously 
presented a barrier to synthesis of halloysite nanotubes in large quantities.
[65] The work 
in this chapter was inspired by the use of substitution of Si(IV) atoms with Ge(IV) 
atoms  to  alter  the  curvature  of  nanotubes  composed  of  a  different  aluminosilicate 
material, imogolite, Al2SiO3(OH)4 (see Section 2.3.3). In this Chapter, the results of 
systematic substitution of a varying mole fraction (X) of Si(IV) with Ge(IV) in a typical 
kaolinite synthesis (Section 3.1.1) of 7 days duration at pH 2, 220 ºC are presented for 
discussion. Five separate reactions with Al(OH)3, SiO2 and GeO2 as starting materials 
were performed with the mole fraction (X) of GeO2/[SiO2 + GeO2] equal to 0, 0.05, 0.1, 
0.2 and 0.5, and the solid products were collected for detailed structural and bulk analysis.  
 
4.2.  Structural analysis using transmission electron microscopy 
 
Using  TEM  techniques,  a  progressive  increase  in  curvature  of  the  Al2Si2O5(OH)4 
structure was observed in the range 0 < X < 0.2, such that the flat kaolinite particles 
observed in the absence of GeO2 (X = 0) underwent a transformation into fully-formed 
multiwalled nanotubes (MWNTs) by X = 0.2. These MWNTs are exemplified by the 
TEM  image  in  Figure  4.1a,  which  shows  nanotubes  obtained  after  7  days  of 
hydrothermal reaction. The nanotubes are straight and fully-formed with a typical outer 
diameter between 40 and 60 nm, and an inner diameter of 5-15 nm with walls consisting 
of 25 - 40 layers. The length of the tubes can exceed 500 nm. Some tubes are larger, 
with an outer diameter of more than 100 nm, and display a tube-in-tube morphology 
with distinct outer and inner layers of growth.  Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  68 
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Figure    4.1.  TEM  images  of  (a)  halloysite  nanotubes  synthesised  by  hydrothermal  reaction 
between Al(OH)3 and SiO2 at pH 2 and temperature 220 ºC for 7 days in the presence of GeO2 
(X = 0.2), (b) and (c) are HRTEM and SAED images of nanotube wall, (d) is a cross-section of 
a  nanotube  and  (e)  is  an  EDX  spectrum  taken  from  the  nanotube,  with  an  enlarged  inset 
showing 9 – 12 keV range. The minor C and Cu peaks are background signals from the TEM 
grid. Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  69 
   
 
The  HRTEM image of the wall of the nanotubes (Figure 4.1b) shows two types of 
characteristic lattice fringes 0.7 nm (in the radial direction of the tube) and 0.45 nm (in 
the axial direction of the tube). The SAED image of this area (Figure 4.1c) also shows 
narrow  diffraction  spots  corresponding  to  the  reflections  from  the  (001)  and  (020) 
crystallographic planes of halloysite, suggesting that the nanotubes are single crystals 
and that the gap between the layers in the wall of the nanotubes is associated with the c-
axis whereas the long axis of the tubes corresponds to the crystallographic b-axis of the 
halloysite unit cell.
[65] 
 
Compositional analysis using EDX spectra from a selected area containing only the 
MWNTs  indicates  that  they  do  not  contain  enough  Ge  atoms  for  any  peaks  to  be 
properly distinguished from the base line (see Figure 4.1e). EDX Analysis of 7 different 
MWNTs indicates that the nanotubes probably do not contain any more than 0.2 % Ge 
atoms substituted for Si. This was confirmed by separate experiments which found the 
EDX detection limits of Ge adsorbed on Al2Si2O5(OH4) nanotubes to be approximately 
0.12 % Ge of the total moles Si + Ge (see Appendix A for determination of EDX 
detection  limits  for  Ge  in  the  Al2Si2O5(OH)4  structure).  The  molar  ratio  between 
aluminium and silicon in the MWNTs is in the range 0.92 - 1.02. It is therefore clear 
that the structure of these nanotubes can be described as germanium-doped halloysite 
nanotubes Al2Si2-xGexO5(OH)4, where x ≤ 0.004. 
 
In order to understand the mechanism of halloysite nanotube formation in the presence 
of GeO2, the products of reaction at different Ge(IV) mole fractions, X,  from 0 to 0.5 
were systematically studied using electron microscopy. Figure 4.2 shows the typical 
nanostructures of aluminosilicates obtained at X equal to 0, 0.05, 0.1 and 0.5. At X = 0 
(Figure  4.2a),  the  main  product  is  flexible  sheet-like  structures  of  kaolinite,  which 
typically contain 6 - 18 layers, and are up to 13 - 15 nm thick. The interlayer lattice 
fringes observed on TEM are approximately 0.7 nm corresponding to the c-spacing of 
crystalline kaolinite. The SAED pattern also showed reflections from the (h0l) planes of 
kaolinite (see inset in Figure 4.2a). It is interesting to note that the rate of crystallization 
of  kaolinite  is  different  for  all  3  crystallographic  directions.  The  size  of  a  typical 
individual nanosheet is up to 50 nm along [100] and more than 200 nm along the [010] 
direction  (see  Figure  4.3).  Thus,  the  synthetic  kaolinite  is  elongated  along  the Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  70 
   
 
crystallographic  b-axis,  suggesting  that  the  rate  of  crystallization  along  each 
crystallographic axis decreases in the order r010 > r100 >> r001.  
 
(a)
(c) (d)
(b) (a)
(c) (d)
(b)
 
Figure   4.2. TEM and SAED images nanostructures obtained after 7 days hydrothermal reaction 
between Al(OH)3 and SiO2 in the presence of GeO2 at pH 2 and temperature 220 ºC. The molar 
fraction of added GeO2 is (a) X = 0, (b) X = 0.05, (c) X = 0.1 and (d) X = 0.5. The inset in (b) 
shows a spheroidal kaolinite particle, which comprises approximately 10 – 20 % of the total 
mass of kaolinite in the sample. Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  71 
   
 
(b) (c) (a) (b) (c) (a)
   
Figure   4.3. TEM and SAED images of kaolinite nanosheets obtained at X = 0, as viewed along 
crystallographic directions corresponding to (a) [001], (b) [100], and (c) [010]. The part of the 
image from which the SAED was taken is indicated by an arrow. 
 
The addition of GeO2 up to X = 0.05 does not significantly change the morphology of 
the  products,  except  for  the  occasional  formation  of  spheroidal  kaolinite  particles 
(Figure 4.2b), with a presumed layered ‘onion-like’ structure. Such particles were also 
observed as impurities in natural halloysite.
[229] A previous study of spherical kaolinite 
formation concluded that spherical morphologies tend to crystallise from solutions with 
an over-saturated concentration of Si(IV)(aq) and Al(III)(aq) species,
[230] whereas reaction 
at  lower  concentrations  results  in  crystallisation  of  flat  kaolinite  nanostructures. 
Spheroidal kaolinite is also believed to be an intermediate in halloysite formation.
[231]  
  
An  increase of X to the value of 0.1 results in  formation of a small amount of the 
multiwalled nanotubes (MWNTs) with 50 – 100 nm outer diameter also corresponding 
to  single-crystal  halloysite  nanotubes.  Geometrically,  the  tubes  are  crooked,  only 
partially wrapped and not well formed (Figure 4.2c). Only few isolated aggregates of 
nanotubes are observed by TEM, alongside kaolinite sheets which had not wrapped to 
become tubes. 
 
A further  increase  in the amount of added GeO2 to the value X = 0.5 leads to the 
complete disappearance of the halloysite-like MWNTs accompanied by formation of a 
mixture  of  various  nanostructured  aluminosilicates  including  small  short  nanotubes 
(Figure 4.2d). An HRTEM image of these nanotubes (Figure 4.4) indicates that their Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  72 
   
 
morphology  closely  resembles  that  of  the  aluminogermanate  imogolite-type 
Al2GeO3(OH)4 nanotubes synthesised in the work of Levard et al.
[122]  The tubes are 
characterised by an average outer diameter of 3 nm and typical length in the range of 20 
- 30 nm, similar to nanotubes previously synthesised at 95 ºC.
 [169, 232] The walls of the 
nanotubes are not characterised by an apparent multilayer structure. The observed 3 nm 
diameter suggests that the single-walled nanotubes contain both silicon and germanium 
atoms, as recent combined cryogenic TEM and Small Angle X-ray Scattering (SAXS) 
experiments  show  that  pure  single-walled  Al2GeO3(OH)4  nanotubes  have  a  larger 
average diameter close to 3.5 nm. 
[171, 232] The SAED image of the obtained nanotubes 
(Figure  4.4)  shows  concentric  rings  related  to  diffraction  from  (04)  and  (06) 
crystallographic  planes  of  two-dimensional  aluminogermanate  (Al2GeO3(OH)4) 
nanotubes 
[233] (a weak (71) reflection was also observed, see Table A1 in Appendix A 
for indexing of diffraction reflections). 
 
 
Figure   4.4. HRTEM, SAED images and EDX spectrum of Ge-imogolite nanotubes synthesised 
at the mole fraction of added GeO2 X = 0.5. The EDX spectrum is influenced by the background 
presence of γ-AlOOH nanoplates (boehmite) showing an excess of aluminium and oxygen. Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  73 
   
 
Although the exact chemical composition of the synthesized single-walled nanotubes is 
difficult to determine using an EDX spectrum (Figure 4.4) due to strong interference 
from  nearby  γ-AlOOH  particles,  the  crystal  structure  is  believed  to  correspond  to 
germanium doped Al2Si1-xGexO3(OH)4 nanotubes, where x is approximately equal to 
0.35. It is interesting to observe that these nanotubes can form at 220 ºC, compared to 
the original synthesis of imogolite-like Al2GeO3(OH)4 nanotubes obtained from diluted 
solutions  at  95  ºC,
[122]  especially  as  the  non-doped  imogolite  Al2SiO3(OH)4  is 
metastable with respect to both halloysite and kaolinite. 
[234]  
 
The formation of both multilayered halloysite nanotube and single-walled imogolite-
type aluminogermanate nanotubes is also accompanied by the formation of additional 
nanostructured  reaction  products,  which  are  shown  in  Figure  4.5.  Thin  plate-like 
(nanosheets) and rod-like (nanorods) structures (Figure 4.5a and b) appear for all 0 - 0.5 
mole  fractions  of  GeO2,  X.  According  to  the  SAED  images,  the  reflection  of  both 
nanosheets  and  nanorods  can  be  indexed  to  γ-AlOOH,  boehmite  (see  Table  A1  in 
Appendix  A).
[235]  The  EDX  data  also  confirm  that  both  nanorods  and  nanosheets 
contain exclusively Al and O, in a 1:1.8 molar ratio. The γ-AlOOH nanosheets consist 
of 100 - 300 nm sized plates with a psuedohexagonal shape. The rod-like particles are 
characterised by 5 nm diameter and 100 - 300 nm length. It is probable that the larger 
flaky particles are γ-AlOOH rod-like precipitates that have grown into larger crystals in 
the hydrothermal HCl environment at low pH.
[236] The total number of these particles, 
and the number of platy particles vs. rods, increases with X. It has been shown that the 
rapid precipitation of γ-AlOOH from Al(III) solutions at low pH and above 200 ºC is 
the first step in the formation of kaolinite, and aqueous Si(IV) species react with the γ-
AlOOH surface.
[113] Therefore, the presence of γ-AlOOH in the reaction products is 
probably associated with hydrolysis of unreacted Al(III) from the starting materials. 
 
Another  relatively  common  side  product  of  hydrothermal  reaction,  observed  for  all 
values of X, are spheroidal nanoparticles with an average diameter 5 - 10 nm (Figure 
4.5c).  Compositional  analysis  using  the  EDX  spectrum  of  spheroidal  particles 
synthesised at X = 0.5 indicates that they contain germanium, silicon and aluminium 
atoms.  The  SAED  image  also  shows  no  specific  diffractions  from  crystallographic 
planes, confirming an amorphous nature of these germanium enriched aluminosilicates.  Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  74 
   
 
 
 
Figure   4.5. TEM and SAED images together with EDX spectra of typical nanostructured side 
products  obtained  in  the  hydrothermal  reaction  at  X  =  0.5,  namely  AlOOH  (boehmite)  (a) 
nanorods, (b) nanoplates and (c) amorphous Ge-enriched aluminosilicate nanoparticles.  
(c) 
(b) 
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Since  the  number  of  OH  groups  present  is  unknown,  these  nanoparticles  can  be 
represented by aSiO2·bGeO2·cAl2O3 and the area under the EDX peaks suggests that 
a = c = 1, and b = 0.1 when X = 0.5. The value of b is dependent on X; b = 0.03 when 
X = 0.2, but a and c are approximately equal for all values of X. Although the exact 
structure of these nanoparticles is unknown, they are formed alongside imogolite-type 
nanotubes  and  may  bear  some  structural  similarities  to  the  amorphous 
aluminogermanates synthesized by Levard et al. from solutions with lower hydrolysis 
(OH/Al)  ratios.
[169,  237]  Their  NMR  and  EXAFS  (Extended  X-ray  Fine  Structure 
Spectroscopy) results suggest a small (< 7%) fraction of tetrahedrally coordinated Al, 
together with a lower number of Al atoms in the second coordination shell of Ge than in 
Ge-imogolite.  They  propose  a  linkage  between  tetrahedrally  coordinated  Al  and 
polymerized Ge-O-Ge chains. Further analysis of the X = 0.5 sample using NMR and 
EXAFS  techniques  would  be  useful  in  quantifying  the  Al  and  Ge  coordination 
environments, and the similarity of the amorphous nanoparticles to the Ge-imogolite 
structure. 
 
4.3.  Bulk compositional analysis using electron microscopy and ICP 
 
It is clear from the electron micrographs in the previous section that the products of 
synthesis at all values of X, the mole fraction GeO2, are not pure phases but are, in fact, 
a  mixture  of  different  crystalline  and  non-crystalline  materials.  Using  the  large 
collection of more than 20 TEM and SEM images taken of each sample and the ICP 
(Inductively-Coupled Plasma atomic emission spectroscopy) technique which measures 
relative amounts of each type of atom in the bulk sample, it is possible to estimate the 
bulk  composition  of  each product  at different X. As  this  is  a  complex,  multi-phase 
mixture, x-ray diffraction techniques are not very useful in this instance. 
 
Comprehensive  analysis  of  all  the  TEM  and  SEM  images  (see  Figure  4.6  for 
representative SEM images) of the samples obtained at different X allows estimation of 
the relative amount of each characteristic nanostructure, which is shown in Table 4.1 
alongside the ICP results, and BET surface area and pore volumes derived from N2 
adsorption isotherms (see Section   4.4). The estimated percentages of each nanostructure 
from Table 4.1 are shown graphically in Figure 4.7 as a function of X.  Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  76 
   
 
 
 
Figure   4.6. SEM images of products obtained at (a) X = 0, (b) X = 0.05, (c) X = 0.1, (d) X = 0.2, 
(e) X = 0.5. Some Al2Si2O5(OH)4 nanotubes are visible at the surface in image (d).  
 
 
Figure   4.7. Distribution of hydrothermal reaction products as a function of molar fraction of 
added  GeO2,  X.  Abbreviations  NS  =  nanosheets,  NR  =  nanorods,  NP  nanoparticles,  NT  = 
nanotubes. Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  77 
   
 
Table   4.1. Distribution of morphologies of typical nanostructures (estimated from TEM data) 
observed in the products of hydrothermal reaction at GeO2 mole fraction, X varied between 0 
and 0.5. The schematic images show the typical geometry and dimensions of nanostructures. 
 
Formula + Morphology  Shape + Dimensions  Distribution in wt % at  
    X = 0  0.05  0.1  0.2  0.5 
Al2Si2O5(OH)4 NS
* 
 
85  67  17  -  - 
Al2Si2O5(OH)4 NSp 
 
-  8  -  -  - 
Al2Si2O5(OH)4 MWNT 
 
-  -  3  10  - 
γ-AlOOH NR 
 
12  12  25  20  15 
γ-AlOOH NS 
 
3  5  20  25  25 
aSiO2·bGeO2·cAl2O3 NP 
 
-  8  30  45  50 
Al2Si1-xGexO3(OH)4 
SWNT 
 
-  -  -  -  10 
BET Specific surface area (m
2 g
-1)  90  204  285  301  328 
Total Specific pore volume (cm
3 g
-1)  0.38  0.85  1.20  0.66  0.35 
Molar ratio (Al:Si:Ge) in the solid 
products 
Al 
Si 
Ge 
0.34: 
0.66: 
0.0 
0.38: 
0.61: 
0.007 
0.47: 
0.52: 
0.009 
0.45: 
0.53: 
0.02 
0.36: 
0.59: 
0.05 
 
 
Apparently,  as  the  mole  fraction  of  added  GeO2  increases,  the  precipitation  of  all 
Al2Si2O5(OH)4 morphologies decreases in favour of amorphous aSiO2·bGeO2·cAl2O3 
nanoparticles.  At  the  same  time,  however,  the  remaining  Al2Si2O5(OH)4  shows  an Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  78 
   
 
increased tendency to precipitate as nanotubes (halloysite) rather than  nanosheets of 
kaolinite. When X is approaching 0.5 the formation of imogolite-type aluminogermanate 
SWNTs occurs instead. Nanostructured γ-AlOOH (both nanosheets and nanorods) are 
observed at all values of X. 
 
The ICP results in Table 4.1, which show the average molar ratio between the elements 
Al, Si and Ge in the bulk solid products, give a more complete picture of the chemical 
composition of the bulk samples, and how this differs from the starting materials. An 
increase in X from 0 to 0.5 results in an almost linear increase in germanium content in 
the solid products. However, the values of Ge/(Ge + Si) ratio in the bulk solid products 
are much lower than X suggesting that most of the original GeO2 remains dissolved in 
solution after 7 days rather than contributing to the structure of the solid products. It was 
also found that at all X, the Al/(Si+Ge) ratio in solid products is lower than the “initial” 
Al/(Si+Ge) ratio in reactants, which was selected to be equal to one. This reflects the 
fact that under the reaction conditions (pH 2 and 220 ºC) the solubility of Al (III) is 
higher than Si (IV) (see Chapter 2.3.1) The excess of Si in the precipitates was not 
accounted for by the structures observed with SEM and TEM (Table 4.1 and Figure 4.7) 
suggesting that the samples also contain an unaccounted amorphous SiO2 phase which 
was difficult to separately observe and identify by TEM and EDX. The values of the 
Al/(Si+Ge) ratio are in the range 0.5 – 0.6 at X = 0, 0.05 and 0.5, but are very close to 1 
at X = 0.1 and 0.2, in which halloysite nanotubes are formed, suggesting that these 
samples contain less amorphous SiO2. 
 
 
4.4.  Bulk characterisation of pore structure by nitrogen adsorption 
 
To investigate the pore structure of the samples, bulk analysis was performed using 
nitrogen adsorption in conjunction with BET and BJH analysis. Figure 4.8 shows the 
BJH pore-size distributions of samples obtained at different X. According to these data, 
the  mean  pore  size  of  the  product  decreases  as  the  mole  fraction  of  added  GeO2 
increases. An increase in X is also accompanied by a decrease in the volume of pores 
with diameter greater than 12 nm, associated with the reduction of number of loosely-
packed aggregates of kaolinite nanosheets, which form large mesopores. 
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Figure   4.8. BJH pore size distributions for aluminosilicate samples obtained under addition of 
GeO2. The numerical labels correspond to X, the mole fraction of added GeO2. 
 
The substantial increase in the volume of pores with diameter less than 5 nm at X > 0.2 
is probably caused by pores between  an  increasing  number of aSiO2·bGeO2·cAl2O3 
nanoparticles as well as by pores inside and between imogolite-type aluminogermanate 
nanotube aggregates. The large volume of pores sized between 6 and 9 nm at X = 0.2 
can be explained by the presence of halloysite intra- and intertubular pores (BJH has a 
tendency to underestimate small mesopore sizes).
[36]  
 
Figure   4.9. BET surface area, SBET (￿) and total pore volume, Vpores (￿) of nanostructured 
aluminosilicates hydrothermally prepared at different mole fractions of added GeO2 (X).  Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  80 
   
 
The addition of GeO2 to the starting materials results in a non-linear increase in the BET 
specific  surface  area  of  the  bulk  sample  from  89.7  m
2g
-1  for  pure  kaolinite  to 
327.8 m
2g
-1 for the product mixture obtained at X = 0.5 (Figure 4.9).The sharp rise in 
the surface area at low X (between 0 and 0.1) can be attributed to the replacement of 
most  of  the  Al2Si2O5(OH)4  nanosheets  with  5  -  10  nm  diameter  amorphous 
aSiO2·bGeO2·cAl2O3  nanoparticles  (Table  4.1),  or  amorphous  SiO2  particles,  which 
have a much larger surface area. The amount of GeO2 added does not have such a 
strong  influence  on  the  adsorption  total  pore  volume,  but  the  rise  and  subsequent 
decrease in pore volume around X = 0.1 may result from a greater diversity of particle 
sizes than in, for example the X = 0 sample (which mainly contains larger kaolinite 
particles), or the X= 0.5 sample (which mainly  contains smaller particles). A wider 
pore-size  distribution may  disrupt  close-packing  of particles  and  create larger pores 
between them.  
 
 
4.5.  Fourier-transform infrared spectroscopy 
 
FTIR spectroscopy of the products for all values of X (Figure 4.10) showed that as X 
increases, many of the peaks present when X = 0 (synthetic kaolinite) in both the lattice 
(< 1200 cm
-1) and hydroxyl-stretching (3000 – 4000 cm
-1) regions are replaced with 
peaks at different frequencies. When X ≥ 0.1 the 912 and 936 cm
-1 Al-OH bending 
modes characteristic of kaolinite 
[113] disappear and are replaced by a new band at ≈ 920 
cm
-1,  which  can  be  assigned  to  Al-O-Ge  deformations.
[238]  Additionally,  the  Si-O 
stretching modes at 1029 and 1115 cm
-1 characteristic of the X = 0 product
[239] merge 
and  develop  a  shoulder  peak  at  ≈1020  -  1030  cm
-1  characteristic  of  an  increasing 
number of tetrahedral asymmetric Si-O-Ge stretching modes
[240,  241] occurring  in the 
amorphous aSiO2·bGeO2·cAl2O3 nanoparticles, which are relatively numerous when X ≥ 
0.1.  The  additional  band  at  884  cm
-1  under  X  =  0.5  can  be  assigned  to  Ge-O-Ge 
vibrations,
[242]  which  presumably  occur  in  the  amorphous  nanoparticles,  since  the 
imogolite-like Al2Ge1-xSixO3(OH)4 nanotubes consist of a dioctahedral gibbsite sheet in 
which the inner surface is bonded with isolated Q33Al (tri-alumina substituted silicate or 
germanate) units, and therefore do not contain polymerized Si or Ge.
[243, 244] None of the 
vibrations  characteristic  of  germanium-substituted  imogolite  observed  by  Wada  et Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  81 
   
 
al.
[233]  were  seen  under  X  =  0.5  (Figure  4.10e),  but  this  may  be  due  to  the  small 
percentage by weight of these Al2Ge1-xSixO3(OH)4 nanotubes in the products (Table 
4.1). 
 
 
Figure   4.10. FTIR spectra of aluminosilicate products synthesised at X equal to (a) 0, (b) 0.05 
(c) 0.1, (d) 0.2, and (e) 0.5. 
 
The band at ≈ 840 cm
-1 for the products where X = 0.1 and 0.2 may be assigned to a Si-
O-Al deformation in halloysite,
[245] but is extremely weak. The complex stretching band 
at 3620 – 3690 cm
-1 characteristic of the ν1- ν4 modes of kaolinite hydroxyl groups
[246] 
disappears  for  X  >  0.05,  suggesting  a  large  decrease  in  the  amount  of  kaolinite Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  82 
   
 
nanosheets present, which supports the distribution of morphologies observed by TEM 
(Figure 4.7). The band at ≈ 730 cm
-1 corresponding to Al-OH vibrations characteristic 
of γ-AlOOH 
[247] increases in strength when X increases from 0.05 to 0.1, corresponding 
to the large increase in the number of precipitated γ-AlOOH nanosheets and nanorods 
observed between these two values. 
 
 
4.6.  Discussion of the synthesis mechanism 
 
As discussed in the  literature review (section 2.3), there are many different driving 
forces for the curving of flat nanosheets to form multilayered nanotubes. In the case of 
the  halloysite  structure,  the  internal  layer  strain  caused by  the  geometric  mismatch 
between the octahedral Al(III)O6 gibbsite sheet and the tetrahedral SiO4 sheet, which 
has larger unit cell dimensions, is believed to be the driving force for the sheet curvature 
to form multilayered halloysite nanotubes (Figure 4.11).
[65] 
 
 
 
Figure   4.11. Schematic drawing of the crystal structures of (a) halloysite, and (b) kaolinite as a 
combination  of  AlO6 octahedra  with SiO4  tetrahedra,  together  with  accompanying HRTEM 
images. The solid rectangle in the HRTEM image of the halloysite nanotube shows the area 
corresponding to the drawing. OH groups and crystallographic water between layers in both 
halloysite and kaolinite are not shown for clarity.  Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  83 
   
 
The most stable arrangement of the SiO4 sheet in terms of Si-O repulsion is hexagonal, 
but this has lattice parameters of a = 5.29 Å and b = 9.16 Å,
[248] which do not match the 
AlO6 lattice parameters of a = 5.07 Å and b = 8.66 Å.
[130] Therefore, the SiO4 tetrahedra 
in the structure rotate slightly towards a ditrigonal arrangement (Figure 4.12) and a 
compromise is reached between minimising the dimensional misfit and reducing the Si-
O repulsion. Thus, the lattice parameters of halloysite and kaolinite are a = 5.14 Å and 
b = 8.93 Å,
[65] and the sheet experiences internal strain in both the a and b directions. 
 
 
 
Figure   4.12. Schematic plan view diagram of rotation of SiO4 tetrahedra in Al2Si2O5(OH)4 to 
reduce the a and b lattice parameters. The shaded grey area represents the unit cell. 
 
The  scrolling  of  multiwalled halloysite observed  both in  nature  and  in the X = 0.2 
Ge(IV) sample occurs around the b-axis, rather than the a-axis.
[101,  248] Nanotubes of 
typical inner diameter ≈10 nm and outer diameter ≈50 nm are observed to form. By 
considering the scrolling of a single-layer sheet of Al2Si2O5(OH)4 on the inner surface 
of the tube, an explanation can be advanced as to why such scrolling is observed. 
 
When an Al2Si2O5(OH)4 sheet with the lattice parameters of kaolinite is scrolled around 
b to form a tube ≈10 nm in diameter, typical of the inner wall of a halloysite nanotube, 
containing 61 unit cells, it can be shown that the SiO4 layer requires an additional 1.654 
nm length along the a axis (Figure 4.13). This extra required length could be partly 
added by relaxing the tetrahedral rotation to increase the a dimension by 0.15 Å per unit 
cell, however, this would also increase the b dimension, which would be energetically 
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tube. The fact that the lattice parameters of halloysite (tubes) and kaolinite (sheets) do 
not differ measurably supports this argument,
[101] suggesting that the  sheet probably 
does not undergo tetrahedral relaxation (towards a hexagonal SiO4 arrangement) during 
scrolling to relieve internal strain as previously suggested.
[130] 
 
 
 
Figure   4.13. Schematic diagram showing extra length required in silicate sheet to form the inner 
layer of a tube almost 10 nm in diameter. The internal dimensions of the sheet are obtained from 
reference.
 [130]  
 
The extra length could also be added through inclusion of some GeO4 unit cells in the 
SiO4 layer, with lattice parameter a ≈ 6.1 Å, which is approximately 0.9 Å larger than 
SiO4.
†  For this  to  occur,  a 30  %  atomic  substitution  of SiO4 with GeO4 would be 
necessary for the inner layer of the tube to curve to form a tube 10 nm in diameter. 
However, halloysite consists of many layers, and if the tube contained additional layers 
until an outer layer with diameter of 50 nm, then only 6 wt% substitution of SiO4 with 
GeO4 would be necessary for this outer layer to curve. So, on average, the nanotube 
would need to contain 18 % of SiO4 substituted with GeO4. Although EDX (Figure 4.1) 
                                                
† The a parameter for a hexagonal SiO4 or GeO4 lattice can be calculated using the 
formula  l a 6
3
4
= , where l is the bond length.
[248] Using an estimated Ge-O bond length 
of 1.89 Å gives a = 6.173 Å. But since the geometry deviates from hexagonal towards 
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of the X = 0.2 nanotubes shows that this is not the case, it is possible to see how even a 
much  smaller  substitution  of  Si(IV)  with  Ge(IV)  could  be  sufficient  to  stimulate 
scrolling of the nanosheets. 
 
As the SiO4 tetrahedra form an interconnected network in halloysite, the stress effect 
associated with substitution of Si(IV) with a Ge(IV) atom in the layer would be larger 
than  assumed  in  the  above  model  (Figure  4.13)  since,  due  to  rotation  of  the 
interconnected  tetrahedra,  this  stress  could  easily  propagate  to  the  second  atomic 
neighbours, increasing the circumference of the Si(IV) layer by more than ≈ 0.9 Å per 
unit cell. Also, the presence of Si(IV) vacancies in the structure could aid the curving of 
the  halloysite  structure,  since  a  Si(IV)  vacancy  occupies  more  space  than  a  SiO4 
tetrahedron  due  to  repulsion  of  neighbouring  negatively  charged  O  atoms.
[249]  The 
number of these Si(IV) vacancies may be increased in the presence of a 0.1 – 0.2 mole 
fraction GeO2 (X): without the ability to accurately quantify the Si(IV) content of the 
tubes, and compare them with the kaolinite nanosheets it is not possible to prove this 
conclusively,  but  it  is  interesting  to  note  that  in  the  samples  where  some  tubular 
halloysite is formed, the Al/(Si+Ge) ratio of the bulk products is higher (Table 4.1), or 
in other words fewer Si(IV) atoms are precipitated in the solid product.  
 
Apparently, halloysite usually scrolls around the crystallographic b axis rather than a, 
[98,  99]  which  could  be  associated  with  the  difference  in  the  relative  rates  of 
crystallization  of  kaolinite  nanosheets  along  these  axes.  The  crystallization  rate  of 
kaolinite along b ([010] direction) is much greater than along a ([100] direction) (see 
Figure 4.3), resulting in the elongated shape of the growing nanosheets which have a 
characteristic size >> 100 nm along b and < 100 nm along the a axis. Since the length of 
the nanosheet in the [010] direction is larger than in the [100] direction, the inclusion of 
a GeO4 tetrahedron or a Si(IV) vacancy and the distribution of stress in both directions 
would cause a stronger bending of the shorter side compared to the longer side (figure 
4.14). As a result, the axial direction of the synthesized nanotubes coincides with the 
direction of fastest growth of the nanosheet precursor, whereas, for example, in the case 
of  titanate  nanotubes,  the  direction  of  fastest  growth  coincides  with  the  direction 
tangential to the nanotube surface.
[250] This illustrates possible differences in the driving 
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the nanosheet layers in the case of titanate nanotubes 
[97] (see Section 2.3.2 page 24) and 
uneven stress distribution on the two opposing (aluminium- and silicon-rich) sides of 
kaolinite nanosheets in the case of halloysite nanotubes.  
 
 
Figure   4.14. Schematic diagram showing how inclusion of a GeO4 tetrahedron (shown in black) 
may  cause  stronger  bending  along  the  a  axis  rather  than  along  the  b  axis  for  a  growing 
Al2Si2O5(OH)4 nanosheet  elongated in the b  dimension. Several layers bent  along a form  a 
halloysite nanotube. The TEM image on the left corresponds to an elongated nanosheet viewed 
down along the c-axis as shown in the top diagram, and the TEM image on the right shows a 
halloysite nanotube. 
 
A higher fraction of Ge(IV) in the starting materials (X = 0.5) completely changes the 
structure of the crystalline aluminosilicate materials formed by the reaction, through the   
inclusion of up to 35 % GeO4 into the structure leading to the formation of a different 
phase, Al2SixGe1-xO3(OH)4, which is related to single-walled imogolite  nanotubes. It 
appears that upon incorporation of larger amounts of Ge(IV) into the aluminosilicates, 
the single-walled imogolite-type structure is favored over a multiwalled halloysite-type 
structure, and this raises an interesting point, namely whether an increasing presence of 
Ge(IV) can induce a “switch over” in structure from the less curved Al2Si2-xGexO5(OH)4 
(x  <  0.004)  multiwalled  halloysite-type  nanotubes  to  the  smaller,  more  curved 
imogolite-type single or double walled nanotubes Al2Si1-xGexO3(OH)4 (x ≈ 0.35). Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  87 
   
 
4.7.  Conclusions 
 
The  partial  substitution  of  GeO2  for  SiO2  in  a  typical  hydrothermal  synthesis  of 
kaolinite  at  pH=2  and  a  temperature  of  220  ºC  leads  to  an  increased  tendency  of 
Al2Si2O5(OH)4 to crystallise as tubular halloysite rather than planar kaolinite. As the 
molar fraction of added GeO2 (X) is increased from 0 to 0.2, a progressive change in 
morphology of the re-crystallized layered Al2Si2O5(OH)4 is observed in the sequence 
kaolinite nanosheets, spheroidal kaolinite, halloysite nanotubes. Nanotubular halloysite 
is formed at X in the range 0.1 - 0.2 and is characterised by a multilayered wall structure 
with typical internal diameter 5-15 nm and average length ca. 1000 nm. The nanotubes 
do not contain germanium in detectable quantities, but up to 0.2 % GeO4 substitution 
for SiO4 tetrahedra may occur, suggesting that the scrolling of the nanosheets could be 
attributed to a slight increase in the crystallographic misfit with AlO6 octahedra caused 
by the  inclusion  of  a  small  number  of  GeO4  tetrahedra or Si(IV)  vacancies,  which 
occupy more space than SiO4. 
 
A  further  increase  in  X  to  0.5  results  in  precipitation  of  single  wall  silicon  doped 
aluminogermanate  imogolite-type  nanotubes  Al2Si1-xGexO3(OH)4  (x  ≈  0.35)  with  a 
characteristic internal diameter of 0.9-1.2 nm and average length 20-30 nm. In addition 
to these crystalline nanostructures, nanosheets and nanorods of γ-AlOOH (boehmite) as 
well as amorphous Ge-containing aluminosilicates are formed over a wide range of X. 
Additional  analysis,  such  as  NMR  and  EXAFS  techniques,  would  be  useful  in 
describing  the  structure  of  the  Ge-containing  phases  (single-walled  nanotubes  and 
amorphous particles) obtained at X = 0.5, and in examining their structural evolution 
during the 7 days reaction. 
 
The precise effect that Ge(IV) has on the curvature of aluminosilicate nanosheets to 
promote nanotubes (halloysite) instead of flat layered structures (kaolinite) is as  yet 
unclear. However, these new findings provide an insight into the conditions suitable for 
forming a  variety of curved and flat aluminosilicate or aluminogermanate structures 
under hydrothermal conditions as well as offering a convenient route for the synthesis 
of halloysite nanotubes from concentrated suspension. Chapter 4: Synthesis of halloysite nanotubes in the presence of GeO2  88 
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Chapter 5:  The Stability of Halloysite Nanotubes in 
Acid and Alkaline Aqueous Suspensions 
 
5.1.  Introduction 
 
As  nanostructured  materials  become  more  widely  used,  there  is  a  growing  need  to 
understand the mechanisms of morphological changes and physical degradation of these 
nanomaterials under various operational conditions. Knowledge of the conditions under 
which halloysite retains its tubular shape, and how it is modified by different solution 
environments, is important in practical applications (see Section 2.4.2, page 30).  
 
The thermal stability of naturally-occurring Al2Si2O5(OH)4 (halloysite) nanotubes has 
been well-studied in recent work
[136, 251] (see Section 2.4.1, page 29). In contrast, the 
chemical stability of halloysite nanotubes in corrosive environments has not yet been 
systematically  studied.  The  outer  surface  of  halloysite  nanotubes  contains  SiO4 
tetrahedra,  whereas the  inner  surface  contains octahedral  Al-OH  functionalities (see 
Figure 4.11, page 82), resulting in a difference in acid-base properties for both surfaces 
and affecting their interaction with solvents. The Al-OH groups are hydrated, and can 
exchange protons,
[252] whereas the SiO4 tetrahedra are fully interconnected by Si-O-Si 
bonds. Therefore, only Si-OH groups at the tube ends and defect sites are hydrated.
[164] 
Thus, hydrolysis of the inner and outer nanotube surfaces, comprised of Al-O and Si-O 
bonds respectively, should proceed differently in the presence of H
+ or OH
- ions. 
 
In this chapter, the results of a systematic study of the long term stability of halloysite at 
room temperature in 0.001 – 1 mol dm
-3 solutions of different acids (H2SO4, HCl, and 
acetic acid), a strong base (NaOH), and distilled water are presented. The observed 
structural and morphological changes of halloysite nanotubes are linked to the steady 
state concentration of dissolved silicon (IV) and aluminium (III) in the liquid phase, and 
the dissolution mechanism is discussed. 
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5.2.  Morphological changes after acid/alkaline treatment 
 
5.2.1.  Electron microscopy 
  
The halloysite nanotubes used in this work were naturally-occurring samples purchased 
from Sigma Aldrich (cat. no. 685445). A TEM image of the raw, untreated halloysite is 
shown in Figure 5.1a. The natural halloysite shows characteristic tubular-shaped objects 
with an average external diameter of 45 nm, an internal diameter of 15 nm and a wall 
thickness of 15 nm. The nanotube walls have a characteristic multilayered structure, 
with a spacing of 0.7 nm between the layers. The natural halloysite also contains a small 
number of randomly shaped impurities of flat objects (nanosheets).  
 
The treatment of halloysite with 1 mol dm
-3 H2SO4 results in significant alteration of the 
morphology of halloysite nanotubes. The TEM image (Figure 5.1b) reveals that acid 
treatment  results  in  the  filling  of  most  of  the  nanotubes  with  small  spheroidal 
nanoparticles  approximately  10  nm  in  diameter.  These  nanoparticles  can  be  found 
mostly inside the tubes as well as outside and, where present outside the tubes, they tend 
to  form  small  aggregates.  The  energy  dispersive  x-ray  (EDX)  mapping  of  the  area 
suggests that these particles are enriched with silicon, and are therefore most likely 
particles of amorphous  silica. The  inner  walls  of  the  tubes are also  roughened  and 
thinned, and even broken in some places (Figure 5.2). After acid treatment for 84 days, 
the average external diameter of the tubes is the same, whereas the average internal 
diameter has increased to 22.9 nm, and the average wall thickness has decreased to 
10.3 nm (35 % thinner). These data suggest that dissolution of halloysite in acid may 
predominantly occur at the inner surface of the tubes, which consists of AlO6 octahedra. 
Treatment of halloysite with 1 mol dm
-3 HCl yields similar results (see Table 5.1). 
 
After treatment of natural halloysite with 1 mol dm
-3 NaOH (see Figure 5.1c), the tube 
walls  also  show  thinning  and  surface  roughening.  However,  no  nanoparticles  are 
observed inside the tubes; there are only nanoparticles and nanosheets which aggregate 
outside the tubes. The nanosheets could have originated from collapsed nanotubes, in 
which, due to dissolution, the walls have been extensively thinned resulting in their 
rupturing  and  falling  apart  (Figure  5.2b  and  e).  The  nanoparticles  are  most  likely Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  91 
   
 
products of  recrystallisation  and  according  to  EDX mapping  (Figure 5.1c) both the 
nanoparticles and nanosheets are enriched with aluminium. After alkaline treatment, the 
average  internal diameter  had increased to 22.8 nm, the average wall thickness  had 
decreased to 11.4 nm (28 % thinner), and the average external diameter was unchanged. 
 
(a)
A
B
C
D
E
(b)
(c)
(a)
A
B
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D
E
(b)
(c)
 
Figure    5.1.  TEM  images  with  accompanying  EDX  spectra  from  highlighted  areas  of  (a) 
untreated halloysite, halloysite treated for 84 days with (b) 1 mol dm
-3 H2SO4, or (c) 1 mol dm
-3 
NaOH. The boxes A-E indicate the area measured in the corresponding EDX spectrum. Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  92 
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Figure   5.2. HRTEM images showing the tube wall destruction and appearance of particles in 
halloysite treated with (a) 1 mol dm
-3 H2SO4 and (b) 1 mol dm
-3 NaOH for 84 days. The end-on 
TEM images of tubes on the right show (c) untreated halloysite, and (d),(e) halloysite treated for 
84 days with 1 mol dm
-3 H2SO4 and NaOH respectively. 
 
Table    5.1.  Effect  of  acid  and  alkaline  treatment  of  the  average  morphology  of  halloysite 
nanotubes, measured from TEM images. 
 
Solution 
Composition 
Time of 
treatment (days) 
Inner diameter 
(nm) 
Wall thickness 
(nm) 
Average 
length ( m) 
Initial halloysite  0  15  15  2.06 
1 mol dm
-3 HCl  28  20.2  12.8  1.86 
1 mol dm
-3 HCl  84  22.9  10.6  - 
1 mol dm
-3 H2SO4  28  19.2  11.8  1.72 
1 mol dm
-3 H2SO4  84  22.9  10.3  - 
1 mol dm
-3 NaOH  28  20.0  11.8  1.91 
1 mol dm
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Treatment of halloysite in 1 mol dm
-3
 acetic acid, and 0.1 mol dm
-3 solutions of H2SO4, 
HCl, or NaOH results in a much lesser change to the nanotube morphology; the inner 
surface  of  the  tubes  is  slightly  roughened  and  there  is  evidence  of  some  silica 
nanoparticles  (see  Figure  5.2a, bottom  of  image).  However,  this  is  an  insignificant 
amount compared to the presence of silica particles after treatment in the 1 mol dm
-3 
solutions of strong acids (see Figures 5.1 and 5.2). In less concentrated solutions of 
0.1 mol dm
-3  acetic  acid  or  ≤  0.01  mol  dm
-3  H2SO4,  HCl,  or  NaOH  there  was  no 
observable change to the halloysite morphology by TEM, and the tubes were identical 
to those treated in solutions of distilled water (Figure 5.3b). 
 
 
 
Figure   5.3. TEM images of halloysite nanotubes after 84 days treatment with (a) 1 mol dm
-3 
acetic acid, and (b) distilled water. 
 
To  determine  the  length  distribution  of  the  halloysite  nanotubes  before  and  after 
acid/alkali treatment, SEM was used to image larger areas of the sample. Figure 5.4 
shows that after acid and alkaline treatment in strong 1 mol dm
-3 solutions, most of the 
nanotubes retained their elongated shape. The accompanying length distributions (see 
the histograms in Figure 5.4) show that after dissolution in acid or alkali over 28 days, 
the length distribution of the nanotubes only becomes slightly narrower and the tubes do 
not become much shorter on average (see Table 5.1) suggesting that the dissolution is 
mainly occurring at the nanotube walls, rather than at the nanotube ends. Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  94 
   
 
 
 
Figure   5.4. SEM images and histograms of length distribution of nanotubes in (a) halloysite, 
and halloysite treated with for 28 days with (b) 1 mol dm
-3 H2SO4 and (c) 1 mol dm
-3 NaOH. 
 
 
5.2.2.  Nitrogen adsorption 
 
The acid or base assisted alteration of halloysite morphology observed by TEM is in 
agreement with the N2 adsorption data. Figure 5.5 shows isotherms of N2 adsorption on 
the surface of halloysite nanotubes treated with acid or base. In the case of 1 mol dm
-3 
H2SO4 the isotherm is characterised by a larger amount of microporous adsorption at 
P/P0  <  0.1  compared  to  untreated  halloysite,  whereas  the  appearance  of  the 
adsorption/desorption hysteresis  shows  no  difference. In  contrast,  the  N2 adsorption 
 (a) 
 (b) 
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isotherm  for halloysite treated with 1 mol dm
-3 NaOH shows very  little  increase  in 
microporous adsorption compared with untreated halloysite, but shows narrowing of the 
adsorption/desorption hysteresis at P/P0 = 0.8 due to collapse of the nanotubular pores. 
 
 
 
Figure    5.5.  The  N2  adsorption  and  desorption  isotherms  at  -195  ºC  of  (♦)  halloysite,  and 
halloysite treated with: (■)1 mol dm
-3 NaOH, 84 days, and (●) 1 mol dm
-3 H2SO4, 84 days. 
 
The  values  of  BET  surface  area (SBET)  and  total pore  volume (Vpores)  for  halloysite 
treated with both acid and alkaline solution are shown in Table 5.2. All treatments result 
in an increase in both SBET and Vpores compared to the original halloysite. The treatment 
with both HCl and H2SO4 results in almost linear growth of SBET and Vpores with time, 
whereas in the case of NaOH, the initial growth is followed by steady state values after 
28 days. The  largest increase in SBET and Vpores (almost threefold after 28 days and 
fourfold after 84 days) occurs in 1 mol dm
-3 H2SO4. The treatment of halloysite with 
H2O  also  results  in  an  increase  of  SBET,  indicating  a  possible  reason  for  the  large 
variation in its reported specific surface area (23 – 80 m
2 g
-1) in the literature,
 [65, 166, 253, 
254] due to the differences in the hydration “pre-history” of the halloysite samples. The 
large  variation  in  reported  surface  area  values  also  arises  from  the  different 
crystallisation  conditions  of  natural  halloysite  obtained from  different suppliers;  the 
average inner diameter and length of the tubes can vary widely.
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Table   5.2. Changes in halloysite BET specific surface area (SBET) and total pore volume (Vpores) 
under slow transformation in acids or base at 22 ± 2 ºC. 
 
Solution composition  Time of treatment 
(days) 
SBET 
(m
2 g
-1) 
Vpores 
(cm
3 g
-1) 
Initial halloysite  0  24.3  0.090 
H2O  28  30.5  0.108 
H2O  84  31.3  0.108 
1 mol dm
-3 NaOH  28  45.0  0.165 
1 mol dm
-3 NaOH  84  47.0  0.168 
1 mol dm
-3 HCl  28  54.2  0.144 
1 mol dm
-3 HCl  84  91.2  0.245 
1 mol dm
-3 H2SO4  28  70.7  0.184 
1 mol dm
-3 H2SO4  84  102.2  0.322 
 
 
Figure  5.6  shows  the  BJH  pore  size  distributions  (determined  from  the  desorption 
isotherms) of halloysite treated with 1 mol dm
-3 H2SO4, HCl and NaOH. The untreated 
halloysite is characterised by a wide pore size distribution between 4.5 and 48 nm, due 
to the wide distribution in nanotube sizes (see Figure 5.4). The peak at around 9 – 10 
nm  pore diameter  is  associated  with adsorption inside  the  nanotubes (intra-tubular), 
whereas  the  pores  between  close  packed  nanotubes  (inter-tubular)  are  usually 
characterized by larger pore sizes.
[36]  
 
The  treatment  of  natural  halloysite  with  1  mol  dm
-3  H2SO4  and  HCl  results  in  a 
significant increase in the pore volume associated with small mesopores indicated by 
the masking of the original peak at 9 – 10 nm and appearance of a strong shoulder peak 
at  pore  sizes  less  than  5  nm  in  the  BJH  pore  size  distribution  curve.  These  small 
mesopores  are  probably  associated  with  the  agglomerates  of  silicon-enriched 
nanoparticles observed in the TEM images (see Figure 5.1b). Further increase in the 
duration of treatment from 28 to 84 days results in a shift of BJH pore size distribution 
towards  larger  diameters  suggesting  that  the  continuation  of  nanoparticle  growth 
probably occurs via an Ostwald ripening mechanism.  Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  97 
   
 
 
Figure   5.6. BJH pore size distributions for halloysite nanotubes treated with (a) 1 mol dm
-3 
H2SO4, (b) 1 mol dm
-3 HCl and (c) 1 mol dm
-3 NaOH, for 28 days (solid line), and 84 days 
(dotted line). (♦) is untreated halloysite.  
 
In  contrast, the treatment of  natural  halloysite  with  1 mol  dm
-3  NaOH for 28 days 
(Figure 5.6c) results in a shift of the peak maximum in the BJH pore size distribution 
curve from 9 to 15 nm, suggesting an increase in the average diameter of the inner pores 
of the nanotubes. The growth of the inner diameter of the nanotubes is caused by slow 
thinning of the tube walls due to progressive dissolution of the aluminosilicate layers as 
seen in the TEM images (Figure 5.1c). An increase in the duration of treatment to 84 
days results in further shifting of the peak position to higher diameters accompanied by 
a widening distribution without a change in Vpores. This suggests that the decrease of 
SBET and Vpores associated with the collapse of some nanotubes is compensated for by an 
increase of SBET and Vpores due to formation of aluminium-enriched, isolated, sheet-like 
objects observed in the TEM images of Figure 5.1c.  Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  98 
   
 
 
5.3.  Structural changes of halloysite after acid/alkaline treatment 
 
5.3.1.  Fourier-transform infrared and Raman spectroscopy 
 
Figure 5.7 shows infrared (FTIR) spectra of natural halloysite (original and treated with 
1 mol dm
-3 H2SO4 in aqueous suspension for 84 days) as well as a sample of amorphous 
SiO2 (a-SiO2) (Fisher, 35-70  m chromatography grade). Most of the major bands of the 
acid treated halloysite can be assigned to Al-OH bending (910 cm
-1), Si-O-Si symmetric 
stretching (1007 cm
-1), and surface hydroxyl translation (795 cm
-1).
[113, 256] The position 
of these bands coincides with bands of untreated halloysite except for the additional 
shoulder, which appears in the region between 1100 and 1200 cm
-1. This shoulder is 
probably associated with the silicon-rich nanoparticles observed in the TEM images, 
since the FTIR spectrum of amorphous SiO2 shows a characteristic Si-O stretching band 
in the same area. The treatment of natural halloysite with 1 mol dm
-3 NaOH does not 
significantly affect the position and intensity of bands in the FTIR spectrum. 
 
 
Figure   5.7. FTIR spectra of  (a)  untreated halloysite,  (b)  halloysite treated  with  1  mol  dm
-3 
H2SO4 for 84 days, (c) amorphous SiO2 (Fisher, 35-70  m chromatography grade).  
 
The Raman spectra of all samples in Figure 5.8 are characterised by a large background 
signal exhibiting three major peaks at 154, 229, and 356 cm
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O-Al-O and O-H-O symmetric stretches, and Al-OH bending modes respectively.
[245] 
The broad Si-O stretching band at ≈ 510 cm
-1 in the acid-treated sample may be caused 
by the presence of amorphous silica. Large background caused by fluorescence and a 
small signal-to-noise ratio in the Raman spectra of samples and the closeness of the 
peaks  to  the  filter-cut  off  point prevent  the  exact identification  of  spectral changes 
associated with acid or base assisted dissolution of halloysite.  
 
Figure   5.8. Raman Spectra of the lattice region of halloysite treated for 84 days with 1 mol dm
-3 
solutions of (a) H2SO4, (b) NaOH, and (c) untreated halloysite.  
 
5.3.2.  X-ray diffraction 
 
Figure  5.9  shows  the  XRD  pattern  of  natural  halloysite  treated  with  acid  or  base 
solutions.  The  reflections  from  the  halloysite  crystal  structure  are  characterised  by 
relatively  wide  lines  with  a  small  signal/noise  ratio.  In  addition  to  the  identified 
reflections from halloysite, 
[65] there are reflections from impurities of quartz (SiO2) and 
alunite (KAl3(SO4)2(OH)6) nanocrystals.
[65,  136] Analysis  of  the  XRD  patterns  of the 
samples indicates only minor differences in the diffraction pattern of natural halloysite 
after alkaline treatment with 1 mol dm
-3 NaOH. Treatment for 84 days with 1 mol dm
-3 
H2SO4, however, causes a decrease in the intensities of the halloysite reflections relative 
to  the  quartz  impurities  and  complete  quenching  of  the  (110)  reflection, suggesting 
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environment. The reflection from the alunite decreased significantly, which is probably 
due to its dissolution in concentrated acid.
[257] The appearance of the shoulder at 10 º 
can be associated with  some  disorder  in  the  (001)  interlayer  spacing  due  to partial 
hydration,  usually  resulting  in  shifting  of  the  reflection  to  smaller  angles.
[258]  The 
absence of any new reflections in the acid and alkaline-treated samples suggests that in 
both cases the aluminium enriched nanosheet particles and silicon enriched spheroidal 
nanoparticles have an amorphous structure. 
 
Figure    5.9.  XRD  patterns  (without  background  correction)  of  (a)  untreated  halloysite,  and 
halloysite treated for 84 days with (b) 1 mol dm
-3 NaOH, and (c) 1 mol dm
-3 H2SO4.  The 
reflections marked with * and # correspond to quartz and alunite impurities, respectively. The 
inset shows magnified XRD pattern in the range of 2Θ between 19 and 23 degrees. 
 
 
5.4.  Solubility of halloysite in acid/alkaline suspensions 
 
The acid and base assisted transformations of natural halloysite are accompanied by the 
release of various forms of soluble aluminium (III) and silicon (IV) species into the 
aqueous  solution,  the  exact  distribution  of  which  depends  on  the  pH.  The  total 
concentration  of  aluminium  (III)  (CAl(III))  and  silicon  (IV)  (CSi(IV))  species  can  be 
determined using optical spectroscopy. The results of colorimetric analysis of CAl(III) and 
CSi(IV) from dissolved halloysite in 1 mol dm
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function of time in Figure 5.10. The graphs show that a steady state values of CAl(III) and 
CSi(IV) are obtained after 14 – 21 days. The concentration CAl(III) is higher in acid than in 
alkali solution, whereas the concentration CSi(IV) is greater in an alkaline than in acidic 
environments. Such behaviour is probably related to the greater solubility of silicon 
dioxide in an alkaline environment compared to an acidic environment (see Figure 5.13 
page 106). The kinetic curves of Si (IV) and Al (III) released in acid solutions have a 
characteristic sigmoidal shape, with an induction period of approximately two days, in 
which the rate of dissolution is close to 0. The rate of halloysite dissolution, shown in 
the  gradient of Figure 5.10a, reaches a maximum by approximately the 10
th day of 
reaction. 
a)
 b) 
Figure   5.10. The concentration of total dissolved aluminium CAl(III) (a) and silicon CSi(IV) (b) as a 
function of time in the aqueous suspension of halloysite containing (■) 1 mol dm
-3 NaOH, (●) 
1 mol dm
-3 H2SO4, (□) 1 mol dm
-3 HCl, (○) 1 mol dm
-3 acetic acid and (◊) pure H2O. The 
estimated error of concentration determination is ± 10 %.  Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  102 
   
 
In contrast, the dissolution of halloysite nanotubes in 1 mol dm
-3 NaOH is characterised 
by the immediate appearance of dissolved aluminium (III) and silicon (IV) in solution, 
indicating a difference in the mechanism of halloysite corrosion in acid or base media. 
The maximal rate of dissolution in alkaline solution is similar to that in acid solution. 
The rate of halloysite degradation in HCl solution is slightly lower that in H2SO4, but 
the similar steady state concentrations of both of CAl(III) and CSi(IV) suggests  a similar 
degree of decomposition. The treatment of halloysite with water or acetic acid results in 
release of a trace amount (less than 1 mmol dm
-3) of Al(III) and Si(IV) in solution 
without significant alteration of the shape of the nanotubes (Figure 5.3). 
 
From the values of CAl(III) and CSi(IV) the degree of dissolution of halloysite (% Aldissol, % 
Sidissol) can be determined as a percentage of the maximal concentrations of CAl(III) and 
CSi(IV) in the case of complete dissolution of the initial halloysite (right hand side y-axes 
in Figure 5.10). After 28 days in 1 mol dm
-3 NaOH, approximately 17 % of the Al(III) 
and 29 % of the Si(IV) in halloysite are dissolved. The degree of dissolution for Al(III) 
and Si(IV) in 1 mol dm
-3 H2SO4 is 35 % and 15 %, respectively, in good agreement with 
the observed thinning of the tube walls (Table 5.1). 
 
The  rate  of  halloysite  dissolution  in  an  alkaline  environment  is  affected  by  the 
concentration  of  NaOH.  Figure  5.11  shows  the  kinetic  curves  of  CAl(III)  and  CSi(IV) 
growth during dissolution of halloysite after addition of NaOH. A decrease in NaOH 
concentration results in a decrease in the rate of halloysite dissolution. In the case of 
diluted NaOH solutions (0.1 mol dm
-3 and 0.01 mol dm
-3), both values CAl(III) and CSi(IV) 
do not reach equilibrium even after 2 months at room temperature. The insets in Figure 
5.11a and 5.11b show logarithmic plots of the initial rate of aluminium (III) and silicon 
(IV) solvation, determined from the tangent to the kinetic curve at time equal to zero, as 
a  function  of  initial  NaOH  concentration.  These  data  suggest  that  the  release  of 
dissolved Al(III) and  Si(IV) can be considered as a pseudo-first-order reaction. 
 
The effect of acid concentration on the initial dissolution rate of Al(III) and Si(IV) from 
the  halloysite  structure  does  not  follow  such  a  straightforward  relationship  (Figure 
5.12), which  is probably due to the apparent “induction period” which precedes the 
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initial dissolution rate at all concentrations of acid. Unlike Al(III) solubility at different 
acid  concentrations,  the  measured  concentration  of  Si(IV)  in  0.1  mol  dm
-3  H2SO4 
solution after 7 days is almost as high as that in 1 mol dm
-3
 solution, and the Si(IV) 
present in solution is equivalent to the amount dissolved in 0.1 mol dm
-3 NaOH. The 
fact that in weaker acid solutions (< 1 mol dm
-3 concentration) the ratio of dissolved 
Al(III) to Si(IV) is close to one after 50 days suggests that removal of the more acid-
soluble Al(III) species from the halloysite structure directly facilitates the removal to 
SiO4 tetrahedra to which they are bonded. 
 
a)
b) 
 
Figure   5.11. The concentration of total Al (III) (a) and Si (IV) (b) as a function of time in the 
aqueous suspension of halloysite containing (■) 1 mol dm
-3 NaOH, (●) 0.1 mol dm
-3 NaOH, 
(▲) 0.01 mol dm
-3 NaOH. Insets show logarithm of the initial rate of CAl(III) and CSi(IV) growth 
as a function of concentration of NaOH. Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  104 
   
 
a) 
b) 
 
Figure   5.12. The concentration of total Al (III) (a) and Si (IV) (b) as a function of time in the 
aqueous suspension of halloysite containing (■) 1 mol dm
-3 H2SO4, (○) 0.1 mol dm
-3 H2SO4, (●) 
0.01 mol dm
-3 H2SO4.  
 
According to the stoichiometric composition of halloysite (Al2Si2O5(OH)4) the mole 
fraction of aluminium (xS
Al) and silicon (xS
Si) in the solid phase, defined as the amount 
of aluminium or silicon per sum amount of aluminium and silicon, is equal to 0.5 in the 
pure substance. However, the steady state (equilibrium) CAl(III) and CSi(IV) concentrations 
in Figures 5.10a and 5.10b deviates from that stoichiometry. In acid solution, the mole 
fraction of dissolved aluminium (xL
Al) determined as CAl(III)/(CAl(III) + CSi(IV)) is higher 
than mole  fraction of silicon  (xL
Si)  (see Table  5.3)  suggesting  that  due to  the  mass 
balance the solid sample is enriched with silicon (IV). EDX mapping of different areas Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  105 
   
 
in the TEM images (see Figure 5.1b) allows us to conclude that this excess Si(IV) is 
mainly  accumulated  in  the  form  of  SiO2  nanoparticles  inside  as  well  as  outside 
nanotubes.  
 
Table   5.3. The total concentration of Al(III) CAl(III) and Si(IV) CSi(IV) in aqueous suspension, the 
mole fractions of aluminium in liquid (xL
Al) and solid (xS
Al) phases, and the mole fractions of 
silicon in liquid (xL
Si) and solid (xS
Si) phases, after 84 days transformation in acids or base. The 
quantities xS
Al and xS
Si   were determined from EDX analysis of large aggregates in the solid 
products of acid and base treatment. 
 
Al(III)  Si(IV)  Solution 
Composition 
Time of 
treatment 
(days)  CAl(III)  
(mmol dm
-3) 
xL
Al  xS
Al 
CSi(IV) 
(mmol dm
-3) 
xL
Si  xS
Si 
Initial halloysite  0  0  0  0.47  0  0  0.53 
H2O  84  0.01  0.01  0.47  1.75  0.99  0.53 
1 mol dm
-3 NaOH  84  12.6  0.35  0.82  22.71  0.65  0.18 
1 mol dm
-3 HCl  84  34.4  0.73  -  12.76  0.27  - 
1 mol dm
-3 H2SO4  84  27.5  0.71  0.31  11.5  0.29  0.69 
 
 
In  alkaline  solution,  the  mole  fraction  of  dissolved  silicon  (xL
Si)  determined  as 
CAl(III)/(CAl(III) + CSi(IV)) is higher than the mole fraction of aluminium (xL
Al), suggesting 
that the solid sample is enriched with Al(III). EDX mapping of different areas in Figure 
5.1c shows that the excess Al(III) is contained inside the nanosheets, which could be 
formed  from  collapsed  halloysite  nanotubes  which  have  lost  most  of  their  Si(IV), 
leading  the  remaining  octahedral  Al(III)  gibbsite  framework  behind.  The  halloysite 
nanotubes which are still present after 84 days treatment show a slightly reduced (xS
Si) 
(Figure 5.1c), suggesting that they are undergoing this process of Si(IV) removal, and 
will eventually also be converted to amorphous Al(OH)3 nanosheets. 
 
Despite the fact that both CAl(III) and CSi(IV) are stabilised after 14 - 21 days during 
treatment of nanotubes with 1 mol dm
-3 acid or base, the transformation of nanotubes to 
SiO2 nanoparticles or Al(OH)3 nanosheets progresses even further during 84 days of Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  106 
   
 
treatment, as seen from the TEM and N2 adsorption data. Thus, these concentrations can 
be considered as steady state, rather then equilibrium values.  
 
 
Figure   5.13. Equilibrium concentration of Al(III) and Si(IV) species in aqueous solution as a 
function of pH at 298 K, taken from the solubility data of Alexander et al.
[259] and Wesolowski 
and Palmer, 
[260] for amorphous SiO2 and Al(OH)3 (gibbsite) respectively. Note the logarithmic 
scale on the y-axis. 
 
The  mechanism  of  acid  assisted  corrosion  of  halloysite  nanotubes  is  schematically 
shown in Figure 5.14. The inner (concave) surface of halloysite composed by AlO6 
octahedrons  is  firstly  attacked  by the  acid  resulting  in the  release of Al(III)  to the 
solution after an induction period. Further dissolution predominantly continues on the 
concave surface leading to the release of silicon (IV), which rapidly reaches a saturated 
concentration at low pH (see figure 5.13 for solubility of SiO2 and Al(OH)3 at different 
pH) and precipitates in the form of amorphous SiO2 nanoparticles inside the nanotubes. 
Over a long period of time, the inner diameter of nanotubes and the diameter of SiO2 
nanoparticles increase.  
 
The decomposition of halloysite in 1 mol dm
-3 NaOH solution is also initiated on the 
concave  surface  of  nanotubes  leading  to  release  of  Si(IV)  into  the  solution,  where Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  107 
   
 
solubility in alkaline environment is greater than that of Al(III) (Figure 5.13). Unlike 
corrosion  in  acid  environment,  the  crystallisation  of  saturated  Al(III)  occurs 
predominantly outside the nanotubes in the shape of flat nanocrystals. It is possible that 
partially  dissolved,  layered  fragments  of  the  halloysite  walls  composed  of  AlO6 
octahedrons  provide  seeds  for  the  crystallisation  of  Al(OH)3  nanosheets.  Further 
dissolution of halloysite results in a decrease in the wall thickness and an increase in the 
inner diameter of the nanotubes (Figure 5.14).  
 
 
 
Figure   5.14. Scheme of transformation of halloysite (Al2Si2O5(OH)4) nanotubes in strong acid 
and alkaline solutions leading to formation of amorphous nanoparticles of SiO2 and amorphous 
nanosheets of Al(OH)3, respectively. The scale bar represents 50 nm. 
 
 
5.5.  Conclusions 
 
The study of the stability of aqueous suspensions of natural halloysite has shown that 
halloysite is kinetically stable in water and in ≤ 0.1 mol dm
-3acetic acid solutions at 
room temperature. It is also kinetically stable in dilute (1 mmol dm
-3) inorganic acid and 
alkaline solutions. In concentrated (0.01 – 1 mol dm
-3) solutions of strong acids and 
bases, however, extensive dissolution  is initiated by dissolution of the inner Al-OH 
surface catalysed by acidic or basic species, leading to progressive thinning of the tubes Chapter 5: The stability of halloysite in acid and alkaline aqueous suspensions  108 
   
 
from the inside. In strong acid solutions, the greater solubility of Al(III) vs. Si(IV) leads 
to the formation of small SiO2 nanoparticles inside the tubes, enhancing the surface area 
and pore volume of the sample. In NaOH solutions the greater solubility of Si(IV) vs. 
Al(III)  leads  to  the  formation  of  fragmented  flaky  particles  containing  layers  of 
Al(OH)3. In NaOH the initial rate of the dissolution follows pseudo first order reaction 
kinetics. In H2SO4 the kinetic curves of dissolution are characterized by an ‘induction’ 
period of time. 
 
The  revealed  long  term  behaviour  of  halloysite  nanotubes  could  be  useful  in 
applications where interactions of halloysite with acidic and alkaline environments are 
considered.  The  methods  also  provide  a  convenient  tool  for  increasing  the  specific 
surface area and pore volume of nanotubes without significant alteration of their shape, 
and  the  incorporation  of  SiO2  nanoparticles  inside  the  hollow  cavity  of  halloysite 
nanotubes using acid treatment. The ability to make the tube walls of halloysite thinner 
in concentrated NaOH solution without creating SiO2 nanoparticles inside the tubes may 
also prove useful in applications where a larger internal diameter is required, such as the 
encapsulation of large protein molecules or polymers. Chapter 6: Morphological control of synthetic nickel silicate nanotubes  109 
   
 
 
Chapter 6:   Morphological Control of Synthetic Nickel 
Silicate Ni3Si2O5(OH)4 Nanotubes in an Alkaline 
Hydrothermal Environment 
 
 
6.1.  Introduction 
 
Nickel (II) silicates are of particular interest as lithium battery anode materials,
[47] and 
also as core-shell encapsulation agents for catalytic nanoparticles.
[261 -
262
263] Nanotubular 
Ni3Si2O5(OH)4 is particularly promising in these applications because it has a large 
specific  surface area and mesoporous volume in which the pore geometry is  highly 
regular.
  [81]  The  nanotube  walls  are  multilayered,  with  each  layer  composed  of  an 
trioctahedral Ni(II)O6  sheet which  forms  the  outside, bonded  to an SiO4 tetrahedral 
sheet which forms the inside of the tube.
 [264] This dual functionality is desirable since it 
pairs the ion-intercalating and adjustable magnetic properties of a nickel compound with 
the inertness and stabilising influence of a tetrahedral silicate structure.
[47] 
 
 
The morphology of Ni3Si2O5(OH)4 nanotubes is highly important in their applications: 
the diameter and length of nanotubes affects the rate of diffusion of Li
+ in a lithium 
battery,
[265,  266,  267]  and  their  hierarchical  microstructure  affects  the  close-packing  of 
nanotubes onto the anode surface.
[268] Additionally, if nickel silicate nanotubes can be 
arranged as a hollow sphere, in a similar fashion to their copper analogues,
[269, 270] they 
could be used in core-shell catalyst particles where the shell controls the rate of reaction 
and protects the catalyst,
[261  -  263] or used to adsorb and store small molecules/ions in 
solution.
[271] The nanotube dimensions should influence the selectivity of the shell for 
differently-sized particles. 
 
In the hydrothermal preparation of nickel silicate nanotubes, the method of Yang et al.
 
[47] has significant advantages over other methods
[81, 167, 264]  in that it requires a much 
lower temperature of 190 – 210 ºC, and does not require any special conditions such as Chapter 6: Morphological control of synthetic nickel silicate nanotubes  110 
   
 
an inert atmosphere or non-aqueous solvent. In their hydrothermal synthesis a strongly 
alkaline  environment  was  used,  with  6  g  NaOH  added  to  34  ml  of  solution, 
corresponding to 15 wt % NaOH in solution. They noted that the initial concentration of 
alkali in the form of NaOH was crucial in the formation of nanotubes: using 2 g of 
NaOH in the starting materials produced curled nanosheets instead of tubes according to 
their report. The effect of changing the NaOH concentration and the Ni/Si ratio in the 
starting materials was not further investigated. 
 
In this chapter, the influence of changing the NaOH concentration (CNaOH) and the Ni/Si 
ratio  of  the  starting  materials  on  the  morphology  and  porosity  of  the  as-obtained 
nanotubes  was  systematically  studied,  and  the  range  of  conditions  under  which 
Ni3Si2O5(OH)4 nanotubes form were identified.  
 
 
 
6.2.  Optimisation of Ni/ Si ratio in nickel silicate nanotube synthesis 
 
Firstly, experiments were carried out to determine the optimum Ni/Si molar ratio for 
nanotube synthesis in solution whilst keeping CNaOH constant at 4 wt%. When a purely 
stoichiometric ratio of Ni/Si = 1.5 was used, an almost 100 % yield of nanotubes was 
obtained. An HRTEM image (Figure 6.1) of a typical nanotube in this sample clearly 
shows a multiwalled structure with a spacing of approximately 0.7 nm between layers, 
and an apparent spacing of 0.45 nm parallel to the tube axis. This 0.45 nm spacing can 
be  attributed  to  the  d-spacing  between  the  (200)  planes 
[264]  suggesting  that  the 
nanotubes are scrolled around the [100] direction. The Ni3Si2O5(OH)4 hexagonal crystal 
structure of nanotubes
[264] is confirmed by SAED and XRD (Figures 6.1 and 6.5). The 
EDX analysis of the nanotube composition shows that they are characterised by a molar 
Ni/Si ratio of 1.5. Although the yield of tubes is approximately 98 – 100 %, some of 
them are only partially scrolled (Figure 6.2), or have an irregular, conical morphology. 
The typical cross-section of the nanotubes is a spiral or concentric shape (Figure 6.1b). 
The typical inner diameter of the tubes is 10 nm, the typical outer diameter is 20 nm, 
and the lengths range from 30 to 225 nm. 
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(a)
(b)
(c) (a)
(b)
(c)
 
 
Figure   6.1. Analysis of  nickel silicate nanotube structure, showing (a) HRTEM image  of  a 
nickel silicate nanotube formed in 4 wt % NaOH solution at a Ni/Si ratio of 1.5, with insets 
(bottom  left  corner)  showing  a  magnified  image  of  the  layer  structure  of  the  wall  with 
orientation  of  the  crystal  planes  and  (top  right  corner)  the  SAED  pattern  taken  from  an 
agglomeration of nanotubes, (b) a cross-sectional HRTEM image of the nanotubes, and (c) EDX 
data taken from image (b). The EDX signal for Cu is a background signal from the TEM grid. 
 
 
Upon increasing the Ni/Si ratio above 1.5, formation of Ni3Si2O5(OH)4 nanotubes still 
occurs (Figure 6.2) and is increasingly accompanied by the growth of platy particles 
(see Figure 6.3) which were identified by XRD and FTIR
[272, 273] as β-Ni(OH)2 (Figures 
6.4  and  6.5).  In  the  absence of reference  intensity  ratios  for  this binary mixture,  a 
precise quantitative analysis of the samples by XRD is difficult, however, the molar 
Ni/Si ratios in the products (determined by EDX) suggest that for initial molar ratios 
Ni/Si  =  2  and  3,  the  products  contain  approximately  6  and  10  wt  %  β-Ni(OH)2 
respectively.  
 
Analysis of the β-Ni(OH)2 (001) peak at full width at half maximum (FWHM) using the 
Scherrer formula 
[274]  with K  = 0.94  for  cube-shaped  crystals  suggested  that  the  β-Chapter 6: Morphological control of synthetic nickel silicate nanotubes  112 
   
 
Ni(OH)2 particles increased in thickness (coherent area) as the Ni/Si ratio of the starting 
materials increased, such that the β-Ni(OH)2 particles were approximately 90 nm thick 
in the Ni/Si = 2 sample and 200 nm thick in the Ni/Si = 3 sample (Table 6.1).  
 
 
 
(a) (b)
(c) (d)
(a) (b)
(c) (d)
 
 
Figure   6.2. TEM and EDX images of nickel silicate products from 4 wt% NaOH solutions with 
Ni/Si ratio (a) 1, (b) 1.5, (c) 2 and (d) 3. The HRTEM inset in the bottom left corner of image 
(a) shows the layered structure of the nanosheets. The EDX spectra were taken from the centre 
of the images. 
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Figure   6.3. TEM image of β-Ni(OH)2 particles formed at Ni/Si = 3, together with HRTEM and 
EDX images. The arrow on the left indicates a β-Ni(OH)2 particle and the arrow on the right 
indicates a Ni3Si2O5(OH)4 nanotube. 
 
Table    6.1.  Morphology  of  phases  observed  at  different  Ni/Si  ratios  and  CNaOH  =  4  wt  %. 
Abbreviations: l = average length (observed by SEM), di = range of internal nanotube diameters, 
do = range of external diameters (observed by TEM), and t is the particle thickness along [001] 
estimated from the XRD pattern using the Scherrer formula. The morphological abbreviations 
are C = conical, T = tubular, S = sheets. Morphologies are listed in order of their abundance in 
the sample. 
 
Phase  CNaOH / 
wt % 
Ni/Si 
ratio 
l /nm  di / nm  do / nm  t / nm  No. of 
layers 
Morphology 
1  20  -  -  5  4 - 10  S + C 
1.5  100  7 - 25  20 - 35  10  6 - 15  T + C 
2  100  10 - 25  20 - 35  10  8 - 14  T + C 
Ni3Si2O5(OH)4  4 
3  120  12 - 20  20 - 30  16  8 - 18  T + C 
 
1.5  50  -  -  60  130  S 
2  200  -  -  90  200  S 
β-Ni(OH)2 
4 
3  500  -  -  200  440  S Chapter 6: Morphological control of synthetic nickel silicate nanotubes  114 
   
 
Increasing the Ni/Si ratio to 3 also appears to cause a small increase in the average 
length of the Ni3Si2O5(OH)4 nanotubes from 100 to 120 nm, whilst slightly narrowing 
the range of the outer and inner diameters (see Figure 6.4 and Table 6.1). Analysis of 
the (002) peak FWHM using the Scherrer formula with K = 0.9 to estimate the average 
particle thickness along the [001] crystallographic direction in the bulk sample suggests 
that the nanotube walls have a similar average thickness of ≈ 10 nm at all Ni/Si ratios, 
except at Ni/Si = 3 where they become slightly thickened to ≈ 17 nm (Table 6.1). It 
should be noted that these values are estimates only since the peak width is also affected 
by the amount of curvature in the crystal lattice and the degree of crystallinity of the 
samples.
[275]  
 
 
 
Figure    6.4.  SEM  images  of  products  at  (a)  1,  (b)  1.5,  (c)  2  and  (d)  3  Ni/Si  ratios  with 
corresponding percentage length distributions of nanotubes. Chapter 6: Morphological control of synthetic nickel silicate nanotubes  115 
   
 
In contrast to the above observations, when the initial Ni/Si ratio is decreased to a value 
of 1, small nanosheets 10 - 20 nm wide are formed instead of nanotubes (Figure 6.2a). 
The sheets appear to possess a multilayered structure; SAED shows a diffraction pattern 
similar to Ni3Si2O5(OH)4 (Figure 6.2a) 
[47] but EDX confirmed that the stoichiometry of 
these particles is deficient in Ni(II), with a Ni/Si ratio of 1.3 (Table 6.2). It is probable 
that the nanosheets have the same crystal structure as the nanotubes but with a higher 
number of Ni(II) vacancies. Although some of the nanosheets have a flat geometry, 
many are curved, presumably bending around the [100] direction as in the case of the 
Ni3Si2O5(OH)4 nanotubes.  
 
Table   6.2. Characterisation  of  bulk  products  at  different  Ni/Si  ratios  and CNaOH  =  4 wt %. 
Abbreviations: SBET = BET specific surface area, and Vpores = total pore volume. 
 
CNaOH / wt %  Initial Ni/Si 
ratio 
SBET / m
2g
-1  Vpores/ cm
3g
-1  Ni/Si ratio 
(products) 
4  1  170  0.222  1.3 
4  1.5  134  0.423  1.5 
4  2  103  0.294  2 
4  3  92  0.283  3.6 
 
 
 
The  XRD  pattern  of  the  Ni/Si  =  1  sample  (Figure  6.5)  shows  the  characteristic 
reflections  of  Ni3Si2O5(OH)4,  but  with  approximately  half  the  area  under  these 
reflection peaks compared with the Ni/Si = 1.5 sample, suggesting a lower degree of 
crystal ordering in the nanosheets than in the nanotubes observed at Ni/Si = 1.5. The 
FTIR results also show vibrational bands characteristic of the Ni3Si2O5(OH)4 structure, 
[167] but at a weaker intensity (see Figure 6.6). The crystal thickness of the nanosheets 
formed at Ni/Si =1 estimated from the FHWM of the (002) peak in the XRD pattern 
was 5 nm compared with 10 nm in the Ni/Si = 1.5 and 2 samples, which supports the 
TEM observation that the number of crystal layers in the nanosheets is less than the 
number of layers in the nanotubular samples (Table 6.1 and Figure 6.2).  Chapter 6: Morphological control of synthetic nickel silicate nanotubes  116 
   
 
 
Figure   6.5. XRD patterns of nickel silicates synthesised at Ni/Si ratios (a) 1, (b) 1.5, (c) 2 and 
(d) 3. Peaks for Ni3Si2O5(OH)4 are labelled with (●), peaks for β-Ni(OH)2 are labelled with (*) 
 
 
 
Figure   6.6. FTIR spectra of nickel silicates synthesised at controlled Ni/Si ratios (a) 1, 
(b) 1.5, (c) 2 and (d) 3. Chapter 6: Morphological control of synthetic nickel silicate nanotubes  117 
   
 
 
Figure   6.7. BJH pore-size distributions for nickel silicates synthesised at controlled Ni/Si ratios 
(●) 1, (■) 1.5, (○) 2 and (□) 3 at CNaOH = 4 wt %. 
 
The  BJH  pore  size  distribution  of  the  Ni/Si  =  1  sample  (Figure  6.7)  provides  the 
additional information that the pore diameters in the sample are almost exclusively < 5 
nm, indicating that the nanosheets have smaller and more uniform pore sizes than the 
nanotubes formed at Ni/Si = 1.5-3. This is due to their smaller size and narrower length 
distribution (Figure 6.4a). The presence of large (≈ 200 nm) β-Ni(OH)2 particles in the 
Ni/Si =3 sample causes a decrease in the total pore volume and a widening of the pore-
size distribution (Figure 6.7 and Table 6.2), because the large particles disrupt the close-
packing of the nanotubes (see Figure 6.3) and reduce the volume of inter-tubular pores. 
 
 
6.3.  Effect of NaOH concentration on nickel silicate nanotube 
synthesis 
 
The effect of altering the initial concentration of NaOH added (CNaOH) whilst keeping 
the Ni/Si ratio constant at 1.5 was also investigated. It was found that nanotubes are 
only formed in the range of CNaOH between 2 and 10 wt. %. Increasing CNaOH appears to 
dramatically  increase the  length of the tubes  (Figure 6.8). For  example,  the  typical 
length of tubes formed at 2 wt % NaOH is 90 nm whereas at 10 wt % the nanotubes are 
on average 290 nm long (see Table 6.3 and Figure 6.10). The most marked increase in 
length occurs in the range 7 < CNaOH < 10 wt %.  Chapter 6: Morphological control of synthetic nickel silicate nanotubes  118 
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Figure   6.8. TEM images of nickel silicates formed at (a) 0, (b) 7, (c) 10 and (d) 15 wt 
% initial NaOH concentration, with corresponding EDX spectra from the centre of the 
images.  
 
According to the TEM data, as CNaOH is increased the average outer diameter of the 
nanotubes grows slightly (from approximately 25 nm at CNaOH = 2 wt % to 28 nm at 
CNaOH = 12 wt %), whilst the average number of layers in their wall grows from ca. 8 at 
CNaOH = 2 wt % to ca. 16 at CNaOH = 10 wt %. This increase of the wall thickness results 
in a slight decrease in the average inner diameter of the nanotubes from approximately 
19 nm to 16 nm. The average coherence area along [001] derived from the (002) XRD 
peak (Figure 6.9) using the Scherrer equation (Table 6.3) suggests that the increase in 
wall thickness with increasing CNaOH is not linear, but shows a larger increase in the 
range CNaOH = 7 - 10 wt % than in the range CNaOH < 7 wt %. Chapter 6: Morphological control of synthetic nickel silicate nanotubes  119 
   
 
 
Figure   6.9. XRD patterns of nickel silicates synthesised at NaOH concentration (a) 0, (b) 4, (c) 
7, (d) 10 and (e) 15 wt %. Peaks for Ni3Si2O5(OH)4 are labelled with (●), peaks for β-Ni(OH)2 
are labelled with (*). 
 
Table   6.3. Morphology  of  phases  observed  in  products  at  different  CNaOH  and Ni/Si = 1.5. 
Abbreviations: l = average length (observed by SEM), di = range of internal nanotube diameters, 
do = range of external diameters (observed by TEM), and t is the particle thickness along [001] 
estimated from the XRD pattern. The morphological abbreviations are C = conical, T = tubular, 
S = sheets. Morphologies are listed in order of their abundance in the sample.  
 
Phase  CNaOH / 
wt % 
Ni/Si 
ratio 
l /nm  di / nm  do / nm  t / nm  No. of 
layers 
Morphology 
0  1.5  10  -  -  4  2-5  S 
2  1.5  90  8 - 25  20 - 30  -  4 - 12  C + T + S 
4  1.5  100  7 - 25  20 - 35  10  6 - 15  T + C 
7  1.5  170  8 - 20  20 - 30  11  7 - 16  T 
Ni3Si2O5(OH)4 
10  1.5  290  8 - 25  20 - 35  17  6 - 18  T 
 
4  1.5  50  -  -  60  130  S 
7  1.5  300  -  -  400  880  S 
10  1.5  33  -  -  10  22  S 
1  27  -  -  8  3 - 6  S 
β-Ni(OH)2 
15 
1.5  40  -  -  -  4 - 15  S Chapter 6: Morphological control of synthetic nickel silicate nanotubes  120 
   
 
The pore-size distribution of the bulk samples obtained using liquid nitrogen adsorption 
and the BJH algorithm showed that upon increasing CNaOH the pore sizes became more 
widely  distributed  and  the  mean  pore  size  increased  (Figure  6.10).  The  pore-size 
distribution of the samples at 2 ≤ CNaOH ≤ 10 wt % features two characteristic peaks, one 
at 5 – 6 nm and another at a larger pore diameter. The position and magnitude of the 
peak at small pore diameter does not vary much with CNaOH, whereas the position of the 
other peak (> 6 nm) shifts to larger pore diameters with increasing CNaOH. The apparent 
contradiction between the decreasing inner diameter of the nanotubes and the increasing 
average pore size  with  increasing  CNaOH  indicates  that  the  total  pore volume  in the 
sample  is  a  combination  of  the  inter-tubular  pores  formed  between  agglomerated 
nanotubes with the intra-tubular pores formed by the lumen of the nanotubes. The size 
of the inter-tubular pores usually depends on the length of the nanotubes,
 [36] because an 
increase  in  the  nanotube  length  increases  steric  hindrance  to  their  close-packing, 
resulting in larger inter-tubular pore sizes.  
 
 
 
Figure   6.10. BJH pore-size distributions obtained from N2 adsorption at - 196 ºC, for nickel 
silicate nanotubes synthesised at (♦) 0, (●) 2, (■) 4, (□) 7, (○) 10 and (◊) 15 wt % CNaOH. 
 
The TEM and SEM observations (Figures 6.5 and 6.11) clearly show that the length 
distribution of the nanotubes widens with increasing CNaOH. The presence of a few much Chapter 6: Morphological control of synthetic nickel silicate nanotubes  121 
   
 
longer tubes in amongst shorter tubes disrupts the close-packing, causing widening and 
flattening of the > 6 nm peak in the pore-size distribution (Figure 6.10). The pores 
observed below  ca. 6  nm  are  probably  caused by  the  intra-tubular  pores  and pores 
between aggregates of close-packed nanotubes (note that BJH may underestimate some 
pore sizes by more than 1 nm 
[276]). The specific surface area of all samples 2 ≤ CNaOH ≤ 
10 wt % was very similar, close to 130 m
2g
-1 but the adsorption total pore volume at P = 
P0 was much lower in the 2 wt % sample due to the negligible volume of inter-tubular 
pores larger than 10 nm (Figure 6.10). 
 
 
Figure   6.11. SEM images of nanotubes produced at (a) 2, (b) 4, (c) 7 and (d) 10 wt% NaOH 
with corresponding percentage length distributions. The bright haloes around the particle edges 
are caused by secondary electrons (see Chapter 3 page 57). Chapter 6: Morphological control of synthetic nickel silicate nanotubes  122 
   
 
 
If CNaOH is further increased to 15 wt% plate-like hexagonal particles (nanoplates) with 
a characteristic width ranging from 30 – 50 nm and thickness in the range 4 - 10 nm are 
formed instead of tubes. These nanoplates have a layered structure and contain a similar 
number of layers (4-15) to the Ni3Si2O5(OH)4 nanotubes formed at lower CNaOH. EDX 
analysis of the nanoplates shows a large Si deficiency in their structure indicated by a 
higher Ni/Si molar ratio of 7 in the products (Figure 6.8). The XRD pattern also shows 
peaks characteristic of β-Ni(OH)2 with broadening due to the small particle size (Figure 
6.9e). Interestingly, similar results are also obtained at CNaOH = 15 wt %, Ni/Si = 1, 
which  were  the  conditions  used  by  Yang  et  al.  in  their  recent  publication.
[47]  This 
demonstrates a greater reliability of our method to produce nanotubes using a molar 
stoichiometry Ni/Si = 1.5 and a lower (≤ 10 wt %) NaOH concentration.  It appears that 
if CNaOH is raised above 10 wt %, most of the SiO2 which forms after hydrolysis of the 
initial Na2SiO3 remains in solution after the hydrothermal treatment, since the solubility 
of Si(IV) in the presence of such high OH
-
(aq) concentrations at 195 ºC is very high 
(Table  6.2 and  Figure  6.12),
[112,  131,  277].  This  causes  the  precipitation of Ni(II)-rich 
products.  
 
If  no  NaOH  is  added  to  the  starting  materials,  small  (<  10  nm  long)  aggregated 
multilayered  nanoparticles  of  Ni3Si2O5(OH)4  are  formed (Figure 6.8a).  In  the  XRD 
pattern  (Figure  6.9a),  broad  (002),  (200)  and  (060)  reflections  characteristic  of 
Ni3Si2O5(OH)4 were observed, and the particle thickness was estimated at 4 nm from 
the (002) peak using the Scherrer formula, which is in good agreement with the TEM 
data (Figure 6.8). An aggregation of the particles was found to have a Ni/Si ratio of 1 
using EDX (Table 6.4). The excess of Si(IV), present mainly in the form of very small 
(< 5 nm) nanoparticle of amorphous silica, may be attributed to the low solubility of 
Si(IV) at low pH, which may be estimated as 18 mmol dm
-3 at the final reaction pH of 
6.5 (see Figure 6.12 and table 6.4). This is more than an order of magnitude smaller than 
the Si(IV) solubility under the conditions where nanotubes are formed. The specific area 
of the small Ni3Si2O5(OH)4 nanoparticles (508 m
2 g
-1) is much greater than that of the 
nanotubes, and BJH analysis indicates a very large number of micropores (Figure 6.10).  
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Table   6.4. Characterisation of bulk products at different NaOH concentrations and Ni/Si ratios. 
Abbreviations SBET = BET specific surface area, Vpores = total pore volume, pHi = initial pH 
before hydrothermal treatment, and pHf = final pH. In the final column the solubility of Si(IV) is 
estimated at the final reaction pH using figure 6.12. 
 
NaOH 
/ wt % 
Initial 
Ni/Si 
ratio 
SBET / 
m
2g
-1 
Vpores/ 
cm
3g
-1 
Ni/Si ratio 
(products) 
pHi  pHf  Estimated amorph. 
SiO2 solubility/ mol 
dm
-3 (fig. 6.12) 
0  1.5  508  0.334  1.0  10  6.5  0.018 
2  1.5  139  0.301  1.5  13  10.7  2.1 
4  1  170  0.222  1.3  14  10.4  0.83 
4  1.5  134  0.423  1.5  >14  10.6  1.4 
4  2  103  0.294  2  >14  10.5  1.3 
4  3  92  0.283  3.6  >14  11.0  5.5 
7  1.5  114  0.396  1.5  >14  10.3  0.68 
10  1.5  135  0.366  1.5  >14  10.4  0.83 
15  1  -  -  9.6  >14  11.4  27 
15  1.5  169  0.295  7.1  >14  11.4  27 
 
 
 
Figure   6.12. Solubility diagrams of β-Ni(OH)2 and amorphous SiO2 at 195 ºC in solution with 
ionicity  I  =  0,  calculated  using  data  from 
[105,  112,  131,  277]  (see  Appendix  C).  Note  that  a 
logarithmic scale is used on the y-axis, and also that the solubility of β-Ni(OH)2 is uncertain 
above pH 8,
[105, 282] as different studies have yielded different results. Chapter 6: Morphological control of synthetic nickel silicate nanotubes  124 
   
 
 
6.4.  Discussion of formation mechanism 
 
To understand the formation mechanism of the observed Ni3Si2O5(OH)4 morphologies 
under different CNaOH and molar Ni/Si ratios, the precipitate formed in the Ni/Si = 1.5 
precursor suspension prior to the addition of NaOH and hydrothermal treatment was 
collected through vacuum filtration without washing and characterised using TEM.  The 
results show that the starting material before the hydrothermal treatment is composed of 
particles 30 – 50 nm in diameter (Figure 6.13), which were shown by SAED to have an 
amorphous structure. EDX mapping of different areas of the sample shows that the 
distribution of Ni and Si in the particles is not uniform, and the stoichiometry can be 
approximated by Ni3-xSi2+yOz(OH)n, where 0 < x, y < 1, and z and n are unknown. 
 
There  are  two  major  mechanisms  by  which  nanosheets  and  nanotubes  form  in 
hydrothermal solutions: recrystallisation of dissolved species or exfoliation of sheets 
from bulk particles. 
[25, 26, 278-
279
280] The above information leads us to propose a reaction 
scheme  in which the amorphous nickel  silicate  starting material is transformed into 
crystalline Ni3Si2O5(OH)4 nanosheets via a dissolution-recrystallisation process at high 
temperature (Figure 6.13) rather than via the exfoliation of sheets from layered Ni(OH)2 
particles followed by the deposition and crystallization of silicate tetrahedrons from 
solution on their surface. It is probable that under hydrothermal conditions dissolution 
of  amorphous  nickel  silicate  is  accompanied  by  the  nucleation  and  growth  of 
multilayered nanosheets of Ni3Si2O5(OH)4 as soon as the concentration of dissolved 
Ni(II)  and  Si(IV)  increases  above  the  solubility  of  the  nanosheets.  Under  certain 
conditions  which  allow  the  precipitation  of  Ni3Si2O5(OH)4  with  a  high  degree  of 
crystallinity, the growing nanosheet bends around the crystallographic [100] direction 
and the ends of the scrolling sheet meet to form a nanotube 10 – 20 nm in diameter once 
it reaches a specific length >> 30 nm width >> 30 nm to form the circumference of a 
complete tube, as observed in the TEM images in Figure 6.13b. From the fact a small 
number of partially-scrolled intermediate nanosheets (incomplete tubes) observed in the 
Ni/Si = 1.5 products are always very short (≤ 50 nm) along the [100] direction (see 
Figure 6.2b and Figure 6.8b and c), it appears likely that the nanotubes continue to grow 
along the axial [100] direction after scrolling of the nanosheets is complete. There is a Chapter 6: Morphological control of synthetic nickel silicate nanotubes  125 
   
 
distinctive  similarity  between  the  mechanisms  of  formation  of  nickel  silicate  and 
titanate nanotubes, which follow a similar growth process to the above.  
[281]  
 
 
 
Figure   6.13. (a) Proposed reaction mechanism in which amorphous material Ni3-xSi1+yOz(OH)n 
recrystallises  as Ni3Si2O5(OH)4 under  hydrothermal treatment at 195 ºC. When  no NaOH is 
added, the crystals do not grow much beyond the nucleation stage, and when the molar Ni/Si 
ratio is equal to 1 crystal growth does not proceed beyond curved sheets 15-20 nm long. It is 
only when Ni/Si = 1.5 and CNaOH = 2 - 10 wt % that the extent of recrystallisation allows the 
formation of complete tubes within 48 hours. The scheme in (b) shows cross-sectional TEM 
images of nanosheets at different stages of scrolling found in the sample obtained at Ni/Si = 1.5, 
CNaOH = 4 wt %, demonstrating the formation of nanotubes through bending of the nanosheets as 
they grow. 
 
 
The formation of Ni3Si2O5(OH)4 nanotubes occurs within 2 days when the Ni/Si ratio is 
≥ 1.5 and the concentration of added NaOH is in the range 2 – 10 wt %. In contrast, 
Ni3Si2O5(OH)4 nanosheets are observed in reaction mixtures to which no NaOH was 
added,  or  which  were  Ni(II)-deficient  (Ni/Si  =1).  In  the  former  case,  only Chapter 6: Morphological control of synthetic nickel silicate nanotubes  126 
   
 
Ni3Si2O5(OH)4  small  crystals  were  produced  which  had  a  uniform  micropore  size 
distribution and large surface area, indicating that crystal seeding occurs rapidly, but 
crystal growth is a slow process in the absence of added NaOH. This can be explained if 
we consider the chemical reactions which occur during hydrothermal treatment. The 
dissolution of the amorphous Ni3-xSi2+yOz(OH)n starting material will release species 
such  as  Ni
2+
(aq)  and  SiO3
2-
(aq)  into  solution.  This  initial  dissolution  process  will  be 
accelerated by the presence of OH
-
(aq) ions, which can hydrolyse Ni-O and Si-O bonds. 
The released solution species can then react in several ways, for example: 
 
(s)   4 5 2 3
-
(aq) 2
- 2
(aq)   3
2
(aq) (OH) O Si Ni 2OH   O 2H 2SiO 3Ni = + + +
+           (6.1) 
(s)   2
-
(aq)
2
(aq) Ni(OH) - 3β 6OH 3Ni = +
+                  (6.2) 
-  
(aq) (s)   2 2
- 2
(aq)   3 4OH 2SiO   O 2H 2SiO + = +                 (6.3) 
 
In equation (6.1) above, the formation of Ni3Si2O5(OH)4 consumes OH
-
(aq) ions from 
solution, which causes the observed drop in pH during the reaction (see Table 6.4). In 
the CNaOH = 0 wt % sample, this seeding process would have depleted the already low 
initial concentration of OH
-
(aq), making the pH fall below 7 and thus reducing the rate of 
subsequent crystal growth by decreasing the solution concentration of Si(IV) species 
(Figure 6.12) and lowering the rate of Ni3Si2O5(OH)4 precipitation (Equation (6.1)). The 
drop  in  pH  results  in  precipitation  of  dissolved  Si(IV)  species  in  the  form  of  the 
amorphous SiO2 particles observed in the sample (Equation (6.3)). At the other end of 
the scale, addition of NaOH up to CNaOH = 15 wt % results in an excess of OH
-
(aq), 
which appears to favour precipitation of β-Ni(OH)2 over Ni3Si2O5(OH)4. This may be 
due to the fact that the precipitation of β-Ni(OH)2 in equation (6.2) consumes a larger 
quantity of OH
-
(aq) (and therefore depends more strongly on CNaOH) than precipitation of 
Ni3Si2O5(OH)4 in Equation (6.1). Additionally, the solubility of Si(IV) is much greater 
under the reaction conditions (Table 6.4 and Figure 6.12), causing leaching out of the 
Si(IV) ions from the nickel silicates and favouring the reverse direction of Equation 
(6.1). 
 
When the reaction mixture is Ni(II)-deficient (Ni/Si ratio is 1), and CNaOH = 4 wt %, 
only multilayered Ni3Si2O5(OH)4 nanosheets are formed with a larger size than in the Chapter 6: Morphological control of synthetic nickel silicate nanotubes  127 
   
 
case of Ni/Si ratio 1.5 and CNaOH = 0 wt %. It is remarkable that deviation from the 
stoichiometry Ni/Si =1.5 towards a decrease in nickel content results in a disruption in 
nanotube formation, whereas the opposite deviation does not interfere with the growth 
of nanotubes and only results in appearance of additional β-Ni(OH)2 as a by-product of 
excess nickel (II), which has very low solubility above pH 6.
[105, 282] Such asymmetry 
provides an additional insight into the mechanism of nanotube growth. The dissolution 
of  amorphous  Ni3-xSi2+yOz(OH)n  under  hydrothermal  conditions  results  in  the 
appearance  of  nickel  (II)  and  silicon  (IV)  species  in  solution  accompanied  by  the 
formation  of  multilayered  nanosheets  of  Ni3Si2O5(OH)4.  Dissolved  nickel  (II)  and 
silicon (IV) cause the  growth of these  nanosheets via crystallization on their edges. 
During their growth the nanosheets experience a mechanical tension inherent to their 
crystal structure which causes their curvature. 
[36] Apparently, a stoichiometric excess of 
added silicon (Ni/Si = 1) results in the appearance of nickel vacancies in the nanosheets 
(see Figure 6.2a and Table 6.2), which disrupts the crystal structure (as evidenced by 
line  broadening  in  the  XRD  pattern,  Figure  6.5)  and  lessens  the  scrolling  of  the 
nanosheets  (figure  6.14a  and  b),  ultimately  preventing  them  from  scrolling  into 
nanotubes. In contrast, a stoichiometric excess of added nickel (Ni/Si ≥ 1.5) does not 
cause silicon vacancies in the nanosheets and the excess of nickel (II) is precipitated in 
the form of β-Ni(OH)2 (figure 6.3), which form complete nanotubes (see Figure 6.2) 
with the excess of nickel (II) precipitated in the form of β-Ni(OH)2. 
 
The  increase  in  the  average  length of the Ni3Si2O5(OH)4  nanotubes with  increasing 
added CNaOH between 2 and 10 wt % can be explained by the fact that addition of 
OH
-
(aq)  would  increase  the  dissolution  rate  of  the  amorphous  starting  material,  and 
would thus increase the concentration of dissolved Ni(II) and Si(IV) species (equation 
(6.1)). This potentially increases the growth rate of the nanotubes, 
[283] meaning that as 
the activity of OH
-
(aq) in the solution is increased, the tubes become longer on average. 
The increase in the average nanotube length caused by intensification of the synthesis 
process is also in agreement with a similar tendency observed during the formation of 
titanate nanotubes, reflecting a certain commonality in the mechanisms of these two 
processes. 
[97, 284] 
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6.5.  Conclusions 
 
The effect of both the molar ratio Ni/Si in the starting materials (NiCl2 and Na2SiO3) 
and the concentration of aqueous NaOH in the precursor suspension on the structure, 
morphology  and  dimensions  of  nanostructured  nickel  silicates  formed  under 
hydrothermal  conditions  at  195  ºC  have  been  systematically  studied.  Figure  6.14 
schematically  illustrates  the  distribution  of  typical  products  at  variable  reaction 
conditions.  
 
 
 
Figure    6.14.  Schematic  phase  diagram  indicating  the  typical  nanostructures  of  nickel  (II) 
silicates and β-Ni(OH)2 formed at different NaOH concentration (CNaOH) and molar Ni/Si ratio. 
 
It has been found that multiwalled nanotubes of Ni3Si2O5(OH)4 with a typical inner 
diameter of 8 – 25 nm are formed at Ni/Si ≥ 1.5 and CNaOH is in range 2 – 10 wt %. 
Over this range of NaOH concentration, the average length of the nanotubes increases 
from 90 to 300 nm, and the length distribution widens as CNaOH is increased. When Chapter 6: Morphological control of synthetic nickel silicate nanotubes  129 
   
 
CNaOH is below 2 wt %, Ni3Si2O5(OH)4  nanosheets with a characteristic thickness of 
only 4 nm are obtained. Above 10 wt%, all Si(IV) is  leached from the structure to 
produce small β-Ni(OH)2 nanoplates as the only product. 
 
An increase in the Ni/Si ratio in the reaction mixture results in formation of nanotubes 
contaminated with β-Ni(OH)2 nanoplates, whereas a decrease in the Ni/Si ratio below 
the  stoichiometric  proportion  of  1.5  disrupts  the  formation  of  nanotubes  leading  to 
partially curved multilayered Ni(II)-deficient Ni3Si2O5(OH)4 nanosheets with an  arc-
shaped cross-section. 
 
The obtained results allow us to not only recommend a simple and effective method for 
exerting control over nanotube morphology including the length distribution and pore 
diameters, but also to provide an insight into the mechanism of the reaction, which 
proceeds  though  the  following  stages:  precipitation  of  amorphous  Ni3-xSi2+yOz(OH)n 
followed by its dissolution under alkaline hydrothermal conditions, which results in the 
crystallisation of multilayered nanotubes or nanosheets of Ni3Si2O5(OH)4, which scroll 
into nanotubes under the reaction conditions. Nanosheets at several different stages of 
scrolling were detected using HRTEM and reported for the first time.  
 
The range of novel nanostructured nickel silicates (nanotubes and nanosheets) prepared 
in this chapter could be potentially useful in applications such as coating for lithium 
battery anode surfaces and catalysis.  Chapter 6: Morphological control of synthetic nickel silicate nanotubes  130 
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Chapter 7:   Low Temperature Synthesis of 
Nanostructured Vanadium Oxide 
 
 
7.1.  Introduction 
 
The purpose of the work in this chapter was to synthesise dodecylamine-intercalated 
vanadium oxide (VOx) structures at different temperatures outside the temperature range 
in which nanotubes normally form, in order to deduce the evolution of VOx elongated 
structures and the scrolling mechanism by which nanotubes are formed. This approach 
has been successful with titanate  nanotubes: analysis of the morphology and crystal 
structure  of  the  reaction  products  observed  below  and  above  the  typical  nanotube 
synthesis temperature (nanosheets and nanofibres respectively) has allowed the proposal 
of a mechanism based on preferential crystallisation of titanate nanosheets along the 
[001] crystallographic direction, followed by scrolling of elongated nanosheets around 
[010] to form nanotubes. 
[97] 
 
The addition of a chemical species which aids the dissolution of metal oxide species 
was shown to lower the temperature of titanate nanotube synthesis 
[97, 285] by increasing 
the solubility of Ti(IV) in the precursor materials (TiO2 P25 nanoparticles) and thus 
increasing the rate of crystallisation of nanosheets at a given temperature. This was 
achieved through mixing 10 mol dm
-3 potassium hydroxide (KOH) solution into the 
highly concentrated 10 mol dm
-3 NaOH solvent. Vanadium oxide nanotubes, on the 
other hand, are synthesised in an aqueous, weakly alkaline (pH < 10) solvent containing 
an excess of primary amines (RNH2).
  [37] The addition of the bidentate basic ligand 
ethylenediamine  to  the  reaction  suspension  was  shown  by  preliminary  experiments 
(Section 7.4) to increase the solubility of the dodecylamine-intercalated V2O5 precursor 
materials at room temperature. Therefore, the effect of adding this ligand at 90, 130 ºC 
was studied in this chapter in an attempt to form VOx nanotubes below the normal 
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7.2.  Influence of temperature on vanadium oxide nanostructure  
 
7.2.1.  Changes in morphology 
 
As described in the literature review (section 2.1), VOx nanotubes are formed via the 
hydrothermal treatment of an aqueous precursor suspension of amine-intercalated V2O5. 
In  this  work,  the  amine  selected  as  the  intercalating  agent  was  dodecylamine, 
C12H25NH2, and the  molar  ratio of V:  amine  in the  starting  materials  was  2:1 (see 
sections 3.1.4 p. 51). The effect of altering the hydrothermal treatment temperature of 
the  dodecylamine-intercalated  VOx  precursor  suspension  was  studied  at  4  different 
temperatures:  90,  140,  180  and 220  ºC.  SEM  images  of  the  products  after  7  days 
hydrothermal treatment at each temperature are shown below in Figure 7.1.  
 
(a) (b)
(c) (d)
(a) (b)
(c) (d)
 
Figure   7.1. SEM images showing the structure of dodecylamine-intercalated VOx after 7 days 
hydrothermal treatment at (a) 90, (b) 140, (c) 180 and (d) 220 ºC. Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  133 
   
 
At  180  ºC  elongated  VOx  nanotubes  are  formed  with  a  100  %  yield,  and  are 
characterised by an external diameter 50 – 150 nm, an internal diameter 10 – 40 nm, and 
a length of up to 5 microns. At 140 and 220 ºC, either side of the optimum nanotube 
synthesis  temperature,  VOx  nanosheets  are  formed  instead  of  nanotubes.  The 
morphology of these nanosheets is very different; those formed at 140 ºC are elongated, 
having a length in the range 5 – 45  m and width in the range 1 – 3  m. The aspect ratio 
(length/width) of these nanosheets can be as large as 27, whereas the nanosheets formed 
at 220 ºC have a morphology approaching that of a square, with length 0.2 – 10  m, 
width 0.1 – 1.6  m and an average aspect ratio ≈ 5. After 7 days hydrothermal treatment 
at 90 ºC the nanoparticles observed appear to be almost unchanged from the precursor 
material (see Figure 7.8a page 141). 
 
The  TEM  image  of  the  sample  in  Figure  7.2a  shows  the  flexible  nature  of  the 
nanosheets  formed  at  140  ºC;  the  ends  of  the  sheets  demonstrate  some  scrolling 
behaviour, forming scroll-like shapes with a diameter of 100 – 200 nm at the ends of the 
nanosheet. By contrast, the nanosheets formed at 220 ºC (Figure 7.2c) are rigid and 
inflexible, due to the loss of amine molecules from the interlayer spaces (see Figure 
7.3). They appear to be thinner than the nanosheets formed at 140 ºC, which is probably 
the result of particle exfoliation triggered by the loss of interlayer amine. At 180 ºC, 
nanotubes with an almost perfectly circular cross-section are formed (Figure 7.2b).  
 
 
(a) (b) (c) (a) (b) (c)
 
 
Figure   7.2. TEM images showing (a) scrolling of VOx nanosheets synthesised at 140 ºC around 
the long axis, (b) fully-formed VOx nanotubes synthesised at 180 ºC, with an inset showing the 
cross-section of a nanotube, and (c) VOx nanosheets synthesised at 220 ºC.  Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  134 
   
 
These results show that an increase in hydrothermal synthesis temperature up to 180 ºC 
promotes  the  morphological  changes  nanoparticles  ￿  elongated  nanosheets  ￿ 
nanotubes. If the synthesis temperature is raised above 180 ºC, the intercalated structure 
collapses due to loss of interlayer amine. 
 
7.2.2.  Changes in crystal structure 
 
The crystal structures of the bulk samples synthesised at 140, 180 and 220 ºC were 
analysed using X-ray diffraction. The diffraction peaks at low angles (2θ < 12 º) show 
the (001), (002) and (003) reflections from the interlayer spaces, and the diffraction 
peaks  at  higher  2θ  show  the  internal  structure  of  the  VOx  layers.  The  low  angle 
diffraction  peaks  in  Figure  7.3  show  that  the  dodecylamine-intercalated  precursor 
material with approximate stoichiometry V2O5(C12H25NH2)2.nH2O 
[286] formed prior to 
hydrothermal  treatment  contains  two  different  interlayer  spacings,  which  can  be 
measured as 2.67 and 2.97 nm using the intense (001) peaks. Since the length of the 
dodecylamine molecule is calculated as 1.49 nm,
 [287] and the carbon chain probably lies 
at an angle close to 54.75 º from the V2O5 surface (assuming tetrahedral bond angles), 
the interlayer space occupied by the dodecylamine bilayer is approximately 2.43 nm. 
Therefore, the 2.67 and 2.97 nm spacings probably represent the intercalation of single 
and double layers of H2O respectively (the H2O molecule has a Van der Waals radius ≈ 
0.3 nm 
[288]). 
 
Figure    7.3.  Low-angle  x-ray  diffraction  patterns  for  (a)  original  dodecylamine-intercalated 
precursor material, and after 7 days hydrothermal treatment at (b) 140, (c) 180 and (d) 220 ºC.  Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  135 
   
 
After 7 days of hydrothermal treatment at 140 ºC the two (001) peaks of the precursor 
material have shifted to 2.52 and 2.89 nm, with the larger area under the 2.52 nm peak 
(figure 7.3). This change suggests than upon heating the precursor undergoes almost 
complete dehydration of the interlayer space, and possibly also a slight change in the 
conformation  of  the  amine  chains  between  layers  without  the  removal  of  amine 
molecules from the interlayer spaces by heating. 
 
After 7 days treatment at 180 ºC only one (001) peak is observed at 2.78 nm which is in 
good agreement with previous work on dodecylamine-intercalated VOx nanotubes. 
[289] 
The FWHM broadening in the major peak suggests a smaller average crystallite size 
than at 140 ºC (see Figures 7.2a and b) as well as a lesser crystallographic ordering, 
which may be consistent with loss of more than two-thirds of the amine molecules from 
the interlayer space leading to the proposed molecular formula of the nanotubes VO2.43 ± 
0.03 (RNH2)0.27± 0.01. 
[37] The single (001) peak suggests that scrolling of the nanosheets 
into nanotubes creates a single interlayer environment containing a specific geometric 
arrangement of the amine alkyl chains. The different interlayer spacing compared to the 
sample treated at 140 ºC could be caused by a geometric rearrangement of the amine 
molecules as the structure curves, with the alkyl chains at a higher angle to the curved 
surface. It is possible that loss of most of the amine molecules is a requirement for the 
structure to achieve enough flexibility to bend (Figure 7.4).  
 
 
Figure   7.4. Schematic diagram showing a possible mechanism for VOx layer bending to form 
nanotubes. Intercalating water is lost from the structure, and the loss of amine molecules upon 
further heating makes the interlayer space less rigid, allowing the structure to bend. Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  136 
   
 
After 7 days treatment at 220 ºC, all of the intercalated amine has been removed and 
interlayer diffraction peaks are no longer observed (Figure 7.3d). According to the TEM 
images the VOx structure has collapsed into thin, fragmented nanosheets with a structure 
partially oxidised to V2O5 (see Figure 7.5).  
 
Structural analysis of the VOx layers using XRD at higher values of 2θ is shown in 
Figure 7.5. The precursor material can be indexed to a pure crystalline V2O5 phase. 
After  hydrothermal  treatment  at  140  ºC  for  7  days  all  of  these  structural  peaks 
disappear, and are replaced by two peaks at 2θ = 28.3, 50.3, which cannot be indexed to 
any of the common VnO2n+1 phases.
[290] The small number of peaks suggests that the 
vanadium  oxide  layers  are  not  characterised  by  a  regular  short-range  order,  and 
probably have a stoichiometry somewhere between V2O5 and VO2.45 (or V20O49), the 
formula of VOx nanotubes.
[37] 
 
Figure   7.5. XRD patterns of (a) original precursor and after hydrothermal treatment at (b) 140, 
(c) 180 and (d) 220 ºC. The symbols correspond to (●) V2O5 (*) VO2.45 (■) unknown V2O5 – 
VO2.45 phase, and (♦) unknown V2O5 – VO2 phase. 
 
After hydrothermal  treatment  at  180  ºC,  some broad diffraction  peaks are observed 
corresponding to the VOx (x = 2.43) structure, which is similar to the V7O16 structure.
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The  clearest  peak  is  the  third  peak  corresponding  to  the  [310]  reflection.
[68]  After 
treatment  at  220  ºC,  different  diffraction  peaks  are  observed  which  suggest  partial 
re-oxidation  of  the  structure  to  V2O5  alongside  an  unknown  phase  (which  may  lie 
somewhere between the V3O8 and V2O5 structures, but cannot be indexed to any known 
phase).  The  broadening  of  the  crystal  reflections  after  hydrothermal  treatment  at 
140 - 220 ºC indicates a decrease in average particle size from the precursor material 
(Figure 7.5). 
 
7.3.  Influence of temperature on vanadium concentration 
 
From the SEM images (Figure 7.1), it is clear that after hydrothermal treatment of the 
V2O5-dodecylamine precursor at 140-180 ºC the resulting vanadium oxide nanosheets 
or nanotubes are longer and thinner than the original precursor particles (Figure 7.8a). 
The particles are most likely growing longer through dissolution and recrystallisation of 
the solvated V(V)(aq) species onto the edges of particles. An experiment was designed to 
estimate the relationship between vanadium solubility and temperature in the range 25 – 
90 ºC (see Chapter 3.4.). The relationship can be extrapolated to 180 ºC in order to 
estimate  the  equilibrium  concentration  of  vanadium  at  the  nanotube  synthesis 
temperature. 
 
The graph in Figure 7.6 shows the least squares linear regression fit of the measured 
data,  plotted  as  the  logarithm  of  vanadium  concentration  against  the  reciprocal  of 
temperature. Each point represents the mean of the three measurements taken at each 
temperature, and the error bars represent the standard deviation of each point. It can be 
seen from the graph that the standard deviation is greater at higher temperature: this is 
caused by the difficulty of rapidly transferring the heated solutions into a vial during 
filtration before any cooling and precipitation of vanadium has occurred.  
 
The equation of the linear fit is given by: 
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Extrapolation of this line to 180 ºC gives a V(V) concentration of 1.83 mmol dm
-3. This 
is  almost  triple  the  concentration  at  25  ºC.  The  slope  of  the  graph  represents 
- 10
-3( H/ R), where  H is the enthalpy of dissolution and R is the molar gas constant. 
Hence the enthalpy of vanadium dissolution from dodecylamine-intercalated V2O5 can 
be estimated as 6.7 kJ mol
-1. This is actually very similar to the enthalpy of dissolution 
of TiO2 P25 nanoparticles in pure KOH solution. 
[97] 
 
 
Figure   7.6. Graph showing the relationship between the logarithm of vanadium concentration 
(mol  dm
-3)  and  the  reciprocal  of  temperature,  in  degrees  Kelvin.  The  error  bars  show  the 
standard  deviation  for  each  point.  The  right-hand  y-axis  shows  the  measured  solution 
concentration of vanadium, and the top x-axis shows the temperature in degrees Celsius. 
 
Thus, the solubility of dodecylamine-intercalated V2O5 precursor material in aqueous 
solution  increases  with  temperature,  and  can  be  estimated  as  being  almost  3  times 
greater at  180  ºC than  at room  temperature. This  undoubtedly increases  the  rate  of 
dissolution and recrystallisation of the precursor material, such that elongated structures 
are formed within 7 days above 90 ºC. Vanadium oxide nanotubes are elongated along 
the [110] crystallographic direction, 
[68] which corresponds to the preferred direction of 
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From the results of this section and the previous section, it appears likely that in order to 
lower the VOx nanotube synthesis temperature to below 100 ºC under ambient pressure, 
it is necessary to (i) decrease the enthalpy of V(V) dissolution to << 6.7 kJmol
-1 to 
increase the rate of nanosheet growth from the initial nanoparticles (Figure 7.8a) and (ii) 
alter the solvent composition so that ≈ 2/3 dodecylamine molecules are removed from 
the interlayer spaces at a temperature below 180 ºC. In the next section, the use of the 
ethylenediamine ligand to achieve these aims was explored. 
 
7.4.  Addition of ethylenediamine ligand to synthesis 
 
As a bidentate ligand, ethylenediamine (en) should be capable of forming complexes 
with  V(V)  such  as  [VO2(H2O)2(en)]
-  or  possibly  even  [VO2(en)2]
3-.  The  formation 
constants  for  these  complexes  are  not  known,  but based on  the  knowledge  of  (en) 
complexes  of  other  transition  metal  ions 
[291]  it  is  assumed  that  formation  of  these 
complexes  is  energetically  favourable.  Therefore,  addition  of  ethylenediamine  to  a 
suspension of V2O5 is expected to increase the equilibrium concentration of the solvated 
V(V)  species: preliminary  experiments  showed  that 0.02  g  solid  V2O5  in a  10  cm
3 
aqueous suspension is rapidly dissolved when ethylenediamine is added to the solution 
at a concentration of 0.01 mol dm
-3 under stirring.  
 
Although other multidentate ligands such as EDTA, may have more favourable energies 
of complexation with V(V), ethylenediamine was chosen as the chelating agent in this 
work because of its simple  (CH2NH2)2  structure.  This  avoids  the  more  complicated 
bonding effects and redox processes that may occur as side reactions if double bonds 
such as C=O were present.  
 
Ethylenediamine was added to the V2O5-dodecylamine precursor suspension prior to 90 
ºC reflux under ambient pressure, at a concentration of 0.001, 0.01 or 0.1 mol dm
-3 (see 
Section  3.1.5,  page  52).    The  results  of  7  days  hydrothermal  treatment  of  these 
suspensions at 90 ºC is shown in Figure 7.7. The precursor material showed a growing 
tendency to transform into thin elongated nanosheets with increasing ethylenediamine 
concentration, until at 0.1 mol dm
-3 concentration a 100 % yield of these long, ribbon-
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thicker with increasing ethylenediamine concentration, reaching up to 30  m in length 
in the 0.1 mol dm
-3 suspension (Table 7.1).  
 
(a) (b)
(c) (d)
(a) (b)
(c) (d)  
 
Figure   7.7. SEM images showing VOx after 7 days hydrothermal treatment at 90 ºC in solutions 
containing (a) 0, (b) 0.001, (c) 0.01 and (d) 0.1 mol dm
-3 ethylenediamine. 
 
Table    7.1.  The  variation  in  nanosheet  morphology  with  varying  concentration  of 
ethylenediamine (Cen) after 7 days hydrothermal treatment at 90 ºC. The particle thickness was 
measured using TEM. 
 
Cen / mol dm
-3  Length/  m  Width/  m  Thickness/ nm 
precursor  0.8 - 10  0.1 - 5  > 10 
0  1 - 5  0.3 - 2  ≈ 6 
0.001  1 - 5  0.2 - 1  3 - 12 
0.01  1.2 - 10  0.5 - 5  6 - 20 
0.1  0.8 - 30  0.05 - 1  6 - 30 Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  141 
   
 
Extended hydrothermal treatment of the samples in 0.001 and 0.01 mol dm
-3 solutions 
of ethylenediamine resulted in an increase in the yield of nanosheets, until after 21 days 
treatment at 0.001 mol dm
-3 and 14 days at 0.01 mol dm
-3  concentrations the yield 
approached 100 % (Figure 7.7). After extended hydrothermal treatment of 14 - 21 days 
in  0.1 mol dm
-3  ethylenediamine  solution  the  nanosheets  remained  unchanged  from 
those formed after 7 days; the SEM images were identical to Figure 7.7 d.  
 
(a) (b) (c)
(d) (e) (f)
(a) (b) (c)
(d) (e) (f)
 
Figure   7.8. Evolution in  morphology  of  VOx  nanosheets  after  extended  treatment in  90  ºC 
ethylenediamine solution. SEM image (a) is the precursor material, and images (b), (c) are after 
treatment at in 0.001 mol dm
-3 ethylenediamine for 14 and 21 days respectively. Images (d), (e) 
and (f) are after treatment in 0.01 mol dm
-3 ethylenediamine for 7, 14, and 21 days respectively. 
 
The XRD results after 7 days hydrothermal treatment at 90 ºC (Figure 7.9) revealed that 
the presence of ethylenediamine has no effect on the VOx layer structure (see Figure 
7.13 c and d), but in the low angle diffraction pattern the (001), (002) and (003) peaks 
are  increasingly  shifted  to  smaller  d-spacings  as  the  solution  concentration  of 
ethylenediamine  increased. In the absence of ethylenediamine the interlayer  spacing 
calculated from the (001) peak was 2.71 nm, and the products treated in 0.001 and 0.01 Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  142 
   
 
mol  dm
-3  solution  had  interlayer  spacings  of  approximately  2.66  and  2.51  nm 
respectively.  As  suggested  in  Section  7.2,  the  2.66  nm  interlayer  spacing  probably 
corresponds to a singly-hydrated intercalate VOx(RNH2)y.H2O. The tenfold increase in 
the solution concentration of ethylenediamine from 0.001 to 0.01 mol dm
-3 may lead to 
loss of some of the interlayer water, reducing the interlayer space to 2.51 nm.  
 
The shape of the (001) peaks (a)-(d) in Figure 7.9 cannot be directly compared with the 
peaks for VOx nanotubes (e) as a smaller surface area of powder was used in the XRD 
sample  holder  than  in  (e).  At  0,  0.001  and  0.01  mol  dm
-3  ethylenediamine 
concentrations it is probable that the intercalate is described by VOx(RNH2).nH2O, but 
in 0.1 mol dm
-3 solution the dodecylamine was almost completely (ca. 90 %) removed 
from the interlayer spaces, as evidenced by the almost total loss of the (001) and (002) 
diffraction peaks. Therefore, the nanosheets produced in 0.1 mol dm
-3 ethylenediamine 
at 90 ºC would not be able to form amine-intercalated nanotubes as almost all the amine 
has been lost from the interlayer spaces.  
 
Figure   7.9. Low-angle XRD patterns of VOx after 7 days reflux at 90 ºC in (a) 0.1, (b) 0.01, (c) 
0.001,  and  (d)  0  mol  dm
-3  ethylenediamine,  compared  with  (e)  the  XRD  pattern  of  VOx 
nanotubes synthesised at 180 ºC after 7 days hydrothermal treatment. Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  143 
   
 
Although  none  of  the  elongated  nanosheets  formed  at  any  concentration  of 
ethylenediamine had undergone scrolling to form nanotubes, the uneven heating effect 
of  a  moving  TEM  electron  beam  when  viewing  the  samples  was  seen to stimulate 
scrolling  around the short  axis  of  one  of  the nanosheets,  forming  a loop similar  in 
diameter to a large VOx nanotube within one minute of exposure to the beam (Figure 
7.10).  The  cause  of  this  bending  may  be  uneven  removal  of  the  remaining  amine 
molecules  from  the  interlayer  spaces  (see  figure  7.4)  by  the  electron  beam.  
Alternatively, uneven heating of the nanosheet on one surface more than the other may 
cause  expansion  of  the  heated  surface  or  even  a  redox  reaction  of  V
(V)  with  the 
remaining amine molecules, both of which would stimulate bending of the sheet away 
from the electron beam. The series of images in Figure 7.10 may provide an insight into 
how nanotube formation occurs, beginning with a loop at the end of a nanosheet that 
closes along the edge to form a complete tube. 
 
 
Figure   7.10. Progressive scrolling of VOx nanosheets (a-d) around the long axis under the TEM 
electron  beam.  The  nanosheets  were  synthesised  from  the  addition  of  0.1  mol  dm
-3 
ethylenediamine ligand to V2O5-dodecylamine precursor and hydrothermal treatment at 90 ºC 
for at 7 days.  
 
Since the nanosheets formed in the presence of ethylenediamine at 90 ºC exhibited a 
scrolling tendency under the electron beam, the temperature of synthesis was raised by 
c 
a  b 
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40 ºC to investigate whether nanotube scrolling can be stimulated by heating at a higher 
temperature. Figure 7.11 shows the products after treatment of the precursor material at 
130 ºC for 7 days in the presence of ethylenediamine ligand. After 7 days hydrothermal 
treatment at an ethylenediamine concentration of 0.001 mol dm
-3, a few short tube-like 
structures which appeared to have formed from scrolling nanosheets were observed in 
the product in amongst mostly flat ≈ 0.5  m long nanosheets (Figure 7.11a). At a higher 
ethylenediamine concentration of 0.01 mol dm
-3 the nanosheets also showed a scrolling 
tendency, around the [110] crystallographic direction (see inset Figure 7.11 b). These 
nanosheets were larger in all crystallographic directions (Figure 7.11b), having a typical 
length greater than 1  m and thickness of 20 nm. No tube-like structures were observed, 
although the number of nanosheets with scrolled ends observed was greater than in the 
product synthesised at a 0.001 mol dm
-3 ethylenediamine concentration.  
 
(a) (b)
a
b
(a) (b)
a
b
 
 
Figure   7.11. TEM images of VOx after 7 days hydrothermal treatment at 130 ºC in solution 
containing (a) 0.001 and (b) 0.01 mol dm
-3 concentrations of ethylenediamine. The arrow in 
image (b) shows the part of the image from which the SAED is taken. The small arrows a and b 
refer to the crystallographic directions [100] and [010] respectively.
[68] 
 
Low-angle  XRD  analysis  of  the  products  (Figure  7.12)  showed  that  the  interlayer 
spacing of the nanosheets synthesised at 130 ºC remained constant at 2.54 nm as the 
ethylenediamine concentration increased from 0.001 to 0.01 mol dm
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spacing is very similar to the spacing of the largest peak observed in the sample treated 
at  140  ºC,  suggesting  that  the  nanosheets  consist  of  dehydrated  dodecylamine-
intercalated VOx layers. The smaller interlayer spacing compared to 2.78 nm for VOx 
nanotubes (Figure 7.12c) suggests that the loss of intercalated amine in both samples is 
not great enough to stimulate scrolling into nanotubes. 
 
 
Figure   7.12. Low-angle XRD patterns of VOx after 7 days reflux at 130 ºC in (a) 0.001 and (b) 
0.01 mol dm
-3 ethylenediamine, compared with VOx nanotubes synthesised at 180 ºC (c). 
 
Examination  of the higher angle XRD  patterns  of  all  the  nanosheets  synthesised  in 
ethylenediamine solutions which showed partial or complete scrolling revealed that the 
scrolling tendency of the amine-intercalated nanosheets cannot be predicted from the 
crystal structure of their VOx layers. For example, the nanosheets synthesised in 0.001 
and  0.01  mol  dm
-3  ethylenediamine  at  130  ºC,  and  at  0.01  and  0.1  mol  dm
-3 
ethylenediamine at 90 ºC all showed scrolling tendencies despite having differences in 
crystal  structure  of  their  layers  compared  with  the  fully-scrolled  VOx  nanotubes 
synthesised at  180  ºC  (Figure  7.13). This  suggests  that  changes  in crystal  structure 
caused  by  the  reduction  of  the  initial  V2O5  layers  to  the  approximate  VO2.43 
stoichiometry  characteristic  of  nanotubes  synthesised  at  180  ºC 
[37]  is  not  the  main 
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Figure   7.13. XRD patterns of VOx nanomaterials after 7 days reflux at (a, b) 130 ºC  in (a) 
0.001 and (b) 0.01 mol dm
-3 ethylenediamine, (c,d) 90 ºC in (c) 0.01 and (d) 0.1  mol dm
-3 
ethylenediamine, compared with VOx nanotubes synthesised at 180 ºC (e). 
 
From the results  in this chapter it appears that formation of VOx  nanotubes is  very 
sensitive  to the amount of  dodecylamine  present  in  the  interlayer spaces. Complete 
scrolling of VOx nanosheets does not occur if the molar ratio of V: amine in the solid 
products deviates significantly from ≈ 0.3. Upon scrolling, the interlayer spacing in the 
nanosheets  undergoes  a  slight  expansion,  which  is  possibly  due  to  changes  in  the 
configuration of the amine molecules in the interlayer spaces, as they adopt a different 
angle to the surface of the VOx layers (Figure 7.4). 
 
It seems that the presence of ethylenediamine in solution increases not only the growth 
rate of the VOx nanosheets through recrystallisation (see Figure 7.7), but also increases 
the rate of dodecylamine removal from the interlayer spaces. This is probably caused by 
energetically  favorable  hydrogen-bonded  interactions  between  the  C12H25NH2  and 
(CH2NH2)2 molecules, as well as non-bonded interactions between the non-polar –CH2 
groups which increase the solubility of dodecylamine in the solvent. From the observed 
tendency  of  nanosheets to  scroll  from the ends (Figure 7.11),  it  appears likely that Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  147 
   
 
dodecylamine removal proceeds from the ends of the nanosheets. To achieve complete 
scrolling along the length of the nanosheet to form a nanotube below 180 ºC apparently 
requires careful tuning of both the temperature and the solvent composition, and the 
correct conditions were unfortunately not found within the timescale of this project. 
 
 
7.5.  Conclusions 
 
In  the  synthesis  of  amine-intercalated  VOx  nanotubes  from  microparticles  of  
V2O5(RNH2)2.nH2O, recrystallisation of solvated vanadium species to form elongated 
nano-sized VOx sheets, combined with the removal of intercalated amine molecules to 
form  particles  with  stoichiometry  VOx(RNH2)≈0.27  are  important  steps  in  nanotube 
formation.  The  sequences  of  SEM  and  TEM  images  at  different  temperatures  and 
ethylenediamine concentrations suggest that thin elongated nanosheets grow in solution 
via  recrystallisation,  and  once  they  have  achieved  sufficient  loss  of  interlayer 
dodecylamine  the  nanosheets  will  begin  to  scroll,  beginning  from  the  ends  and 
eventually  forming  a  complete  loop.  This  looped  nanosheet  joins  at  the  ends,  and 
continues  growth  by  scrolling  parallel  to  the  [110]  crystallographic  axis  to  form 
elongated nanotubes. When the conditions do not allow removal of interlayer amine 
molecules (temperature too low, or incorrect solvent composition), the nanosheets do 
not scroll but continue to grow as flat, elongated objects in a crystal direction along the 
[100] direction (see Figure 7.11b). If too much amine is removed, the interlayer space 
collapses and rigid exfoliated nanosheets are formed. No evidence was found to indicate 
that  changes  in  the  crystal  structure  of  the  VOx  sheet  were  necessary  to  stimulate 
scrolling, as suggested in previous work. 
[133, 134] 
 
To form amine-intercalated VOx nanotubes at lower temperatures than 180 ºC, further 
work is required in which the solubility of VOx and the intercalating amine molecules 
are  systematically  studied  in  over  a  range  of  temperatures  in  a  variety  of  –NH2 
functionalised solvents, to find the appropriate conditions for low-temperature scrolling 
of  VOx  nanosheets  by  achieving  ≈  1.8  mmol  dm
-3  solubility  of  V(V)  species,  and 
removal of ≈73 % of the  intercalated amine molecules to create a  stoichiometry of 
VOx(RNH2)≈0.27. Chapter 7: Low Temperature Synthesis of Nanostructured Vanadium Oxide  148 
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Chapter 8:  Hydrogen Adsorption Properties of Metal 
Oxide Nanotubes 
 
8.1.  Introduction 
 
In the future, solid storage of hydrogen may replace liquid or gaseous storage as the 
means  of  storing  hydrogen  for  transportation  (see  literature  review  Section  2.5). 
Nanostructured  solids,  including  inorganic  nanotubes,  are  among  the  materials  of 
interest for hydrogen storage because their large surface area combined with their high 
porosity  makes  them  promising  candidates  for  storage  of  hydrogen  through 
physisorption.  
 
The main challenge in this field is to develop an understanding of the structural factors 
which make materials better or poorer for hydrogen storage applications. A wide range 
of  materials  must be  studied  to interpret  how factors  such  as  specific surface  area, 
specific  pore  volume,  pore  diameter/shape,  and  surface  heterogeneity  affect  the 
gravimetric and volumetric gas storage capacities of materials. Whilst there is a great 
deal  of  published  literature  dealing  with  the  hydrogen  storage  properties  of  carbon 
nanotubes, other  inorganic  nanotubes  have  not received  the  same degree  of interest 
despite the relatively low cost of their synthesis and the ability to scale up the process 
for large quantities.  
 
This chapter presents the results of hydrogen adsorption experiments performed on the 
metal oxide nanotubes Al2GeO3(OH)4 (germanium imogolite), Ni3Si2O5(OH)4 (nickel 
silicate), VOx (vanadium oxide), and halloysite (Al2Si2O5(OH)4) nanotubes, at 77 K, 
using  the  volumetric  (Sieverts)  technique.  The  experimental  conditions  (mass,  free 
volume, temperature) were kept as consistent as possible to allow a valid comparison of 
results. The results for the above metal oxide nanotubes were compared with previous 
results  obtained  in  this  laboratory  for  titanate  nanotubes  and  their  Cd3[Fe(CN)6]2 
composites,  in  order  to  identify  the  structural  factors  which  improve  the  hydrogen 
adsorption properties of  nanostructured materials. Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  150 
   
 
8.2.  Surface area and pore-size distributions of nanotubes 
 
Before collecting the hydrogen adsorption data, the morphology, surface area and pore 
structures of all the samples were characterised using a combination of transmission 
electron  microscopy  and  N2  adsorption.  Figure  8.1  shows  transmission  electron 
micrographs of the unmodified synthetic germanium imogolite, nickel silicate, titanate 
nanotubes,  and  the  as-received  natural  halloysite  nanotubes.  The  synthesis  of  these 
nanotubes  is  detailed  in  Section  3.1  of  the  experimental  methodology  chapter. 
Al2GeO3(OH)4 nanotubes can be synthesised in  two forms, single- or double-walled 
(see  Section  3.1.2,  page  50),  which  have  different  dimensions  (Table  8.1).  The 
Ni3Si2O5(OH)4 nanotubes used in this chapter were synthesised in a solution with a 1.5 
Ni/Si molar ratio and a NaOH concentration of 4 wt %. The titanate nanotubes were 
synthesised in the previous work of Al-Hajjaj et al. 
[215] The as-synthesised nanotubes 
were ion-exchanged with H
+ to form the protonated form, H2TinO2n+1.  
 
 
Figure   8.1. HRTEM images of (a) single-walled Ge-imogolite, (b) double-walled Ge-imogolite 
(c) titanate, (d) nickel silicate, (e) halloysite and (f) vanadium oxide nanotubes. The insets in 
figures (c)-(f) show the end on view of the tube and the multiwalled structure. Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  151 
   
 
Of  all  the  nanotubes  shown  in  Figure  8.1,  the  Al2GeO3(OH)4  nanotubes  have  the 
smallest  diameters  and  largest  surface  areas  (see  tables  8.1  and  8.2).  The  other 
nanotubes increase in both average diameter and length in the order titanates < nickel 
silicates < halloysite < vanadium oxide. Although it was not possible to observe the 
interlayer spacing of Ge-imogolite SWNTs directly on the TEM due to rapid movement 
of the nanotubes in the electron beam, the basal interlayer spacing is assumed to be ≈0.7 
nm similar to titanate, nickel silicate and halloysite nanotubes, because the interlayer 
bonding is of a similar hydrogen-bonded nature. 
[172] Vanadium oxide nanotubes have a 
much larger interlayer spacing due to the intercalation of dodecylamine, C12H25NH2 (= 
RNH2). 
 
Table   8.1. Typical morphology of nanotubes as measured by HRTEM to within ± 0.1 nm. n = 
average number of layers, ds = basal interlayer spacing, do = approximate outer diameter, di = 
approximate inner diameter, l = approximate average length. 
 
Nanotube  Chemical 
formula 
n  ds/ nm  do/nm  di/nm  l/ nm 
Ge-imogolite 
SWNTs  Al2GeO3(OH)4  1  0  3  2  20-50 
Ge-imogolite 
DWNTs  Al2GeO3(OH)4  2  -  4  1.5  15-30 
Titanate  H2TinO2n+1  4  0.7  10  5  50-100 
Nickel silicate  Ni3Si2O5(OH)4  7  0.7  20  10  40-200 
Halloysite  Al2Si2O5(OH)4  28  0.7  50  10  2 ×10
3 
Vanadium oxide  VO2.43(RNH2)0.27  11  2.8  75  30  5 ×10
3 
 
 
To  characterise  the  surface  area  and  total  pore  volume  of  the  nanotubes,  nitrogen 
adsorption at 77 K was used. Figure 8.2 shows the pore volume distributions according 
to pore size, which was calculated from the nitrogen adsorption isotherms using the BJH 
method. 
[72] The specific BET surface areas and total pore volumes at the saturation 
pressure (P0) are reported in Table 8.2. From the results it is evident that the titanate, 
nickel silicate, halloysite and VOx samples are mainly mesoporous (pore size 2 - 50 
nm),  and  the  Ge-imogolite  samples  are mainly  microporous  (pore size < 2 nm).  It 
should be noted that BJH has a tendency to underestimate small pores sizes < 10 nm, Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  152 
   
 
sometimes by more than 1 nm, 
[276] so the pore diameters given in Table 8.2 should only 
be taken as a rough guide.  
 
Figure   8.2. Pore volume distributions, from nitrogen desorption at 77 K, for (♦) single-walled 
Ge-imogolite (◊) double-walled Ge-imogolite, (▲) titanate, (□) nickel silicate (●) halloysite, 
and (○) VOx nanotubes (see inset, shown on main graph as dotted lines). The data for titanate 
nanotubes was obtained from reference
 [215]. 
 
Table    8.2. Results  of  nitrogen  adsorption  at  77  K  on  nanotubular  samples.  SBET  =  specific 
surface area, calculated using the BET method, Vpores = specific total pore volume at P = P0, and 
dpores = range of diameters in which most (>90 %) of the pore diameters lie, with the peak pore 
diameters (those with the largest associated pore volumes) shown in brackets. 
 
Nanotube  SBET / m
2g
-1  Vpores / cm
3g
-1  dpores / nm 
Ge-imogolite SWNTs  299  0.200  0.9-3  (0.9, 1.6) 
Ge-imogolite DWNTs  194  0.157  0.5-3  (0.9, 1.5)  
Titanate  210 
[215]  0.64 
[215]  3-11  (7.3) 
Nickel silicate  133  0.391  5-17  (11.3) 
Halloysite  24.3  0.09  3-25  (2.6, 9.0) 
Vanadium oxide  17.8  0.074  3-30  (1.8, 11.3) Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  153 
   
 
For most of the samples, peaks in pore volume at two different pore diameters were 
observed. The peak at the smallest pore diameter is probably associated with pores 
between close-packed nanotubes, which would explain the large number of these pores 
in the Ge-imogolite DWNT sample as this sample shows the closest packing of the 
nanotubes (Figure 8.1). The peak at the larger pore diameters are probably associated 
with adsorption in the intra-tubular pores (lumen), and in some of the larger spaces 
between tubes (see Figure 2.4, page 16). From the relatively small total pore volumes of 
the samples it appears that access of nitrogen (kinetic diameter 0.364 nm 
[292]) to the 
interlayer spaces is prevented. The interlayer pores diameters are smaller than the basal 
spacing of 0.7 nm (see Section 2.2.2.), and access of nitrogen to these pores may be 
hindered by surface groups such as –OH. 
 
The effect of decorating the nanotube surfaces with Prussian-blue (PB) analogues was 
also investigated for titanate and natural halloysite nanotubes as these nanotubes can be 
synthesised/  purchased  in  large  quantities.  A  composite  of  titanate  nanotubes  with 
Cd3[Fe(CN)6]2 was synthesised and characterised in a recent publication,
[215] and the 
results are presented here for comparison with a halloysite - Fe3[Fe(CN)6]2 composite. 
Fe
2+ was used instead of Cd
2+ to form the complex in this instance due to concerns 
about  the  high  toxicity  of  Cd(II)  compounds. 
[293]  The  halloysite-Fe3[Fe(CN)6]2 
composite synthesis method is given in Chapter 3.3. 
 
HRTEM images of the two nanotube-PB composites are shown in Figure 8.3. In the 
titanate-PB composite the Cd3[Fe(CN)6]2 formed an almost continuous film on the inner 
and  outer  surfaces  of  the  nanotubes,  which  appear  corrugated  as  a  result.  In  the 
halloysite-PB composite the Fe3[Fe(CN)6]2 appeared partly as a film, but also appeared 
form occasional spheroidal particles (see inset Figure 8.3b). The SAED pattern for the 
titanate-PB  composite  showed reflections  for  both  titanate  nanotubes  and  the  cubic 
Cd3[Fe(CN)6]2 lattice.
 [215] A similar pattern could not be obtained for the halloysite-PB 
composite, possibly because the weight percentage of Fe3[Fe(CN)6]2 in the sample was 
not large enough. However, faint lattice fringes could be seen on the particle in the inset 
of Figure 8.3b (unfortunately the contrast of this sample is poor), which demonstrate a 
cubic lattice structure. 
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Figure    8.3.  TEM  images  showing  (a)  titanate  nanotubes  decorated  with  10  wt  % 
Cd3[Fe(CN)6]2 through ion-exchange,
 [215] and (b) halloysite nanotubes decorated with 
4.7 wt% Fe3[Fe(CN)6]2 through ion exchange. The inset in image (a) shows the SAED 
pattern of the composite, and the inset  in image (b) shows a Fe3[Fe(CN)6]2 particle 
bonded to the inner surface of a halloysite nanotube. 
 
It was estimated through EDX analysis of a ≈ 1  m
2 area of each sample that the titanate 
nanotube-PB composite contained 10 wt % Cd3[Fe(CN)6]2 of the total sample weight,
 
[215] and the halloysite nanotube-PB composite contained 4.7 wt % Fe3[Fe(CN)6]2 of the 
total sample weight. The surface area and pore volumes of these composites are given in 
table 8.4. The microporous PB analogue structure has unit cell dimensions 1.0-1.09 nm, 
[294] which is too small to be analysed using the BJH method. 
 
Table    8.3.  Results  of  nitrogen  adsorption  at  77  K  on  nanotube-PB  composites,  and  bulk 
Fe3[Fe(CN)6]2. SBET = specific surface area, , Vpores = specific total pore volume at P = P0. 
 
Composite  SBET / m
2g
-1  Vpores / cm
3g
-1 
Titanate  +  10  wt  % 
Cd3[Fe(CN)6]2 
244 
[215]  0.67 
[215] 
Halloysite + 4.7 wt % 
Fe3[Fe(CN)6]2 
46.7  0.103 
Cd3[Fe(CN)6]2  556 
[215]  0.36 
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8.3.  Blank testing and temperature correction of data 
 
Before any of  the  samples could be  analysed for hydrogen  adsorption,  temperature 
correction of a blank non-adsorbing sample had to be performed using a standardised 
procedure. 
[228]A linear temperature correction is found from the blank sample, which is 
then applied to all of the data (see Section 3.7.6). All of the nanotubular samples were 
kept as similar as possible to the blank quartz wool sample in mass and free volume 
(0.2671 g and 24.8418 cm
3), so that the same temperature correction could be applied to 
all samples. 
 
Figure  8.4.  shows  the  uncorrected  data  for  adsorption  of  the  quartz  wool  blank 
compared  to  the  temperature-corrected  data.  A  temperature-correction  ratio  Tratio  = 
0.022  input into the Igor software macro (see Section 3.7.6), was found to achieve the 
best correction of the data, where H2 adsorption was as close as possible to zero over the 
range 0-100 bar (10 MPa). The data cannot be corrected to exactly zero over the entire 
pressure range because the compressibility factor, Z, of hydrogen shows a strong non-
linear variation with pressure at 77 K.
[295] 
 
 
Figure    8.4. Hydrogen adsorption isotherm  for non-adsorbing quartz wool sample at 77  K, -(■)- 
before temperature correction, and ..(●).. after temperature correction.
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8.4.  Comparison of hydrogen adsorption data 
 
Hydrogen PCT adsorption isotherms were recorded for all the nanotubular samples and 
the halloysite-PB composites synthesised in this work. The isotherms were temperature-
corrected,  and  compared  with  previous data  from  titanate  nanotubes, Cd3[Fe(CN)6]2 
nanoparticles, and the titanate nanotube composite with 10 wt % Cd3[Fe(CN)6]2. This 
data  had  not  been  temperature-corrected  in  the  original  publication,  leading  to 
erroneously  large  measured  wt  %  storage  at  high  pressures.
  [215]  In  this  work,  the 
temperature correction was also applied to these samples. The temperature-corrected 
isotherms of all the samples are compared in Figure 8.5. 
 
 
Figure   8.5. Temperature-corrected hydrogen excess adsorption isotherms in the range 0-5 bar 
for (■) Cd3[Fe(CN)6]2 (●)Cd3[Fe(CN)6]2-titanate composite, and (▲) titanate (♦) single-walled 
Ge-imogolite,  (◊)  double-walled  Ge-imogolite,  (□)  nickel  silicate  and  (▼)  Fe3[Fe(CN)6]2-
halloysite composite. Data for the first 3 isotherms was taken from reference 
[215]
 and modified 
using the temperature correction method. The inset shows the adsorption below 2 bars. Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  157 
   
 
The appearance of the isotherms corresponds to type I adsorption which is typical of the 
adsorption  of  supercritical  H2  onto  porous  materials. 
[195]  The  isotherms  were  not 
observed to have a two-step nature, as was reported by Al-Hajjaj et al. 
[215] Halloysite 
and vanadium oxide (VOx) nanotubes were found to have zero adsorption compared to 
the blank sample (Figure 8.6), so were not included in Figure 8.5.  
 
 
Figure    8.6.  Hydrogen  adsorption  isotherms  at  77  K  for  (○)  natural  halloysite  and  (■)  VOx 
nanotubes compared with …(●)…the blank quartz wool sample following temperature correction.  
 
It  appears  from  the  adsorption  data that the  hydrogen  adsorption  of  all unmodified 
nanotubular  samples  is  poor,  with  the  highest  excess  adsorption  being  achieved by 
titanate nanotubes (0.2 wt % at 2.6 bars). All the other nanotubes adsorb between 0 and 
0.2  wt  %  hydrogen.  Such  small  values,  together  with  the  absence  of  a  two-step 
adsorption process (adsorption in interlayer micropores occurring at a higher pressure 
than in the mesopores 
[213, 215]) do not support the suggestion that hydrogen can access 
the  interlayer  spaces  of  the  nanotubes.  This  is  confirmed  by  the  fact  that  the  Ge-
imogolite  single-walled  nanotubes  have  a  higher  wt  %  excess  adsorption  that  the 
double-walled  nanotubes,  despite  the  fact  that  the  double-walled  nanotubes  contain 
interlayer cavities.  The correlation between the higher BET surface area and higher 
hydrogen  adsorption  observed  for  the  single-walled nanotubes  further  indicates  that 
hydrogen is adsorbed only on the pore surfaces and not in the interlayer cavities. Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  158 
   
 
The Cd3[Fe(CN)6]2 nanoparticles, with their much higher surface area compared to the 
nanotubes,  have  a  maximum  excess  adsorption  of  1.67  wt  %  at  8.1  bars.  The 
Cd3[Fe(CN)6]2-titanate nanotube composite shows a maximum of  0.44 wt % excess 
adsorption at a pressure of 5.7 bars, which is higher than the 0.35 wt% adsorption that 
would be expected from a weighted mixture of 10 wt % Cd3[Fe(CN)6]2 with 90 wt % 
titanate nanotubes. Clearly, decorating the Cd3[Fe(CN)6]2 onto the titanate surface has 
an  enhancing  effect  on the adsorption of hydrogen,  possibly  due  to  charge  transfer 
between K
+ ions bonded to the surface Ti-O
- groups (resulting from ion exchange with 
K3[Fe(CN)6]2 when the composite was formed) and the Cd3[Fe(CN)6]2 lattice structure, 
as suggested in the previous work on this composite. 
[215] However, because the surface 
area  of  the  composite  is  much  lower  than  the  bulk  Cd3[Fe(CN)6]2 (Table  8.3),  the 
adsorption of hydrogen is lower than in the bulk particles. Although decoration with 
PB-analogues did not produce a large adsorption of hydrogen in this instance, if a metal 
oxide  substrate  with  a  higher  surface  area  than  titanate  nanotubes  were  found,  the 
adsorption-enhancing  effect  of  decoration  with  a  PB  analogue  may  be  more 
pronounced. 
 
The  isotherms  in  Figure  8.5  show  the  excess  adsorption,  which  unlike  absolute 
adsorption does not take the bulk gas phase hydrogen inside the pore volume of the 
sample into account (see literature review Section 2.5.3.) The next section demonstrates 
the fitting of excess adsorption isotherms to the Langmuir-Freundlich model, in order to 
derive properties of the absolute adsorption isotherms, in addition to properties such as 
surface area and the maximum volume, mass and thickness of the adsorbed hydrogen 
layer.  
 
8.5.  Langmuir-Freundlich fitting of isotherms 
 
Fitting  of  an  equation  based  on  the  Langmuir-Freundlich  (L-F)  model  to  excess 
adsorption isotherms can be used to estimate surface properties such as the specific 
surface area of the material for hydrogen adsorption and the maximum volume of the 
adsorbed  layer.
[180]  The  thickness  of  the  absorbed  layer  can  also  be  obtained  from 
division of the volume by the specific surface area. Other equations based on models 
such  as  the  Dubinin-Astakhov,  Toth,  and  Unilan  models 
[180]  can  also  be  used  to Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  159 
   
 
estimate these properties, and there is good agreement between these models and the L-
F model in terms of the calculated properties.
 [180] It is not yet established which of these 
models gives the most accurate fitting of the excess adsorption isotherm. For simplicity 
in comparing data, therefore, only the Langmuir-Freundlich model was used in this 
work to fit the experimentally measured PCT data, as this model is the easiest to fit to 
the data using the Origin software. 
 
The equation which was fitted to the isotherms is shown below in equation 8.1. Details 
of the derivation of this model can be found in reference 
[180] and in Appendix D.  
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In  this  equation  the  terms  are  defined:  me  =  excess  adsorption,  grams  hydrogen 
adsorbed per gram of solid material (g g
-1 units), mH2 = the relative molecular mass of 
H2, P = equilibrium pressure, in bar, R = the universal gas constant, 8.314 × 10
-5 m
3 bar 
K
-1mol
-1, T = temperature, in degrees Kelvin, NA = Avogadro constant, 6.022 × 10
23 
mol
-1, AH2 = the surface area occupied by one adsorbed H2 molecule, 6.83 × 10
-20 m
2 
assuming  a circular  area for  a  H2 molecule  with  kinetic  diameter  0.29 nm.
[296]  The 
constants KLF and  nLF  are  specific to  the  L-F  model. 
[297] The important properties 
which can be derived using this equation are the specific surface area for hydrogen 
adsorption, SH2, and the maximum volume of hydrogen adsorbed per unit mass of solid 
material,  Vm.  The  value  of  qm,  the  maximum  adsorbed  mass  of  hydrogen  at  full 
monolayer coverage per gram of material is given by the term 
A H
H H
N A
S m
2
2 2 . The g g
-1 units 
of me and qm are converted to wt % by multiplying by a factor of 100. 
 
To derive S H2, Vm and qm from the data, a line with the equation 
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was fitted to the data using a non-linear least-squares method in the Origin 8.1 software. 
(see reference 
[180]) The properties are then calculated using qm = a, Vm = bRT/ mH2 and 
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The absolute adsorption isotherm is obtained from the excess adsorption isotherm by 
adding the mass of hydrogen in the bulk gas phase which is present in the total pore 
volume of  the  solid materials  (see  Section 2.5.3). Thus  the  expression  for  absolute 
adsorption is given by: 
 
RT
P m
V m m
H
pores e t
2 + =                     (8.3) 
 
Fitting of the excess adsorption isotherms of the samples shown in Figure 8.5 to the 
Langmuir-Freundlich  model  is  shown  below  in  Figures  8.7  to  8.10.  The  absolute 
adsorption isotherms calculated using Equation (8.3) are shown as dotted lines. The 
vanadium oxide, halloysite and halloysite nanotube-PB composite samples had very low 
adsorption capacities and could not be fitted using the L-F model, as negative a and b 
coefficients were generated (see Equation (8.2)).  
 
Figure   8.7. Langmuir-Freundlich fitting of excess adsorption data for (■) bulk Cd3[Fe(CN)6]2 
particles at 77 K (solid line), with the calculated absolute adsorption isotherm (dotted line). 
 
Fitting of the excess adsorption isotherm of bulk Cd3[Fe(CN)6]2 particles using the L-F 
model reveals a saturation point of 1.7 wt % excess adsorption at 7 bar pressure. Above 
this pressure the measured gravimetric excess adsorption falls with increasing pressure, 
because the surface adsorbed layer Vm is saturated but the density of the bulk phase gas 
in  the  pore  volume  continues  to  increase  with  increasing  pressure.  The  absolute Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  161 
   
 
adsorption isotherm, on the other hand, continues to grow beyond this pressure as the 
increase in bulk density is included in the isotherm function (Equation (8.3)).  
 
The  adsorption  data  for  titanate  nanotubes  and  the  Cd3[Fe(CN)6]2-titanate  nanotube 
composite  showed  a  much  lower  saturation  pressure  than  the  bulk  Cd3[Fe(CN)6]2 
particles. In the case of titanate nanotubes (Figure 8.8b), calculation of the absolute 
adsorption isotherm produced a curve which showed a decrease in adsorption beyond 
the saturation point. Since this is not typical of absolute adsorption, the measured excess 
adsorption  data  from  which  the  absolute  adsorption  isotherm  is  derived  probably 
contains errors.  The gravimetric adsorption of this sample is so low that small errors in 
measurement can cause large percentage errors in the results. In this case, errors in the 
gradient of the negative slope above the saturation point of 3.3 bars may have arisen 
from differences in pressure measurement ≥ 5 bars because of the switchover from the 
low pressure transducer measurement to the high pressure transducer. The readings of 
the two transducers may undergo random ‘drift’ relative to each other, even within the 
short timescale of the experiment. 
(a) (b)  
Figure    8.8.  Langmuir-Freundlich  fitting  of  excess  adsorption  data  for  (a)  (▲)  titanate 
nanotubes, and (b) (●) Cd3[Fe(CN)6]2-titanate nanotube composite at 77 K (solid lines), with the 
calculated absolute adsorption isotherms (dotted lines).  
 
A similar error in the slope of the derived absolute adsorption is observed in the data for 
Ge-imogolite single-walled nanotubes (Figure 8.9a). This error leads to poor fitting of 
the L-F function to the data points. To improve the fitting, several (at least 3) identical 
measurements  of  the  same  sample  would  need  to  be  taken,  to  produce  an  average Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  162 
   
 
isotherm,  but  unfortunately  such  improvement  could  not  be  achieved  within  the 
timescale of this project.  
 
(a) (b)  
Figure    8.9.  Langmuir-Freundlich  fitting  of  excess  adsorption  data  for  (a)  (♦)  Ge-imogolite 
singe-walled nanotubes, and (b) (◊) Ge-imogolite double-walled nanotubes (solid lines), shown 
with the calculated absolute adsorption isotherms (dotted lines). 
 
The  L-F  isotherm  fitting  for  nickel  silicate  nanotubes  (Figure  8.10)  indicates  a 
saturation pressure close to 2.2 bars at 0.06 wt % excess adsorption. The slope of the 
isotherm beyond the saturation point is less negative than the Ge-imogolite SWNT and 
titanate nanotube samples, giving the absolute adsorption isotherm a more usual shape. 
 
 
Figure    8.10.  Langmuir-Freundlich  fitting  of  excess  adsorption  data  for  (□)  nickel  silicate 
nanotubes (solid lines), with the calculated absolute adsorption isotherm (dotted lines). Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  163 
   
 
The values of qm, the maximum mass of hydrogen stored in the adsorption layer derived 
from the L-F fitting of the curves are displayed in Table 8.4. These values have also 
been converted from gravimetric adsorption (in g g
-1 units) to volumetric adsorption for 
each material by multiplying by the bulk density (see table of physical properties in 
Appendix D). The number of adsorbed hydrogen molecules per unit cell was calculated 
using the equation  
 
2
2
cell unit 
H
A m
H m
N V q
n
⋅ ⋅
=                      (8.4) 
Where qm is the maximum volumetric adsorption, in g cm
-3, and Vunit cell is the volume of 
the unit cell, in cm
-3 (see appendix D).  
 
Table    8.4.  Gravimetric  and  volumetric  capacities  of  the  nanomaterials,  together  with  the 
calculated number of H2 molecules, nH2, per unit cell.  
 
Nanomaterial  qm / wt %  qm / g cm
-3  nH2 per unit cell 
Ge-imogolite 
SWNT 
0.18  5.96 × 10
-3  0.6 
Ge-imogolite 
DWNT 
0.07  2.32 × 10
-3  0.3 
Nickel silicate  0.09  2.54 × 10
-3  0.2 
Titanate  0.47  14.85 × 10
-3  2.4 
Cd3[Fe(CN)6]2  1.91  8.60 × 10
-3  3.2 
Titanate + 10 wt 
% Cd3[Fe(CN)6]2 
composite 
0.58  16.76 × 10
-3  2.7 
 
 
The gravimetric storage capacity of the bulk Cd3[Fe(CN)6]2 particles is much greater 
than any of the nanotubular materials, but because it has a much lower bulk density it 
does  not  have  the  largest  volumetric  storage  capacity.  The  doping  of  the  titanate 
nanotube  surface  with  10  wt  %  Cd3[Fe(CN)6]2  particles  increased  the  maximum 
gravimetric storage capacity of the nanotubes by a similar amount to that expected for a 
weighted mixture of the two substances, i.e. (0.9 × 0.47) + (0.1 × 1.91) = 0.61. Thus, the 
results suggest that chemical bonding between the titanate nanotube surface and the Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  164 
   
 
Prussian blue analogue particles does not enhance the gravimetric adsorption properties 
of the composite material.  
 
The other metal oxide nanotubes have  very low values of qm, both gravimetric and 
volumetric,  compared  to  titanate  nanotubes.  This  cannot  be  entirely  caused  by  the 
differences in surface area, because qm does not consistently increase as the surface area 
of the nanotubes increases. The differences in the pore structure and the nature of the 
nanotube surfaces may be an important factor influencing the value of qm. For example, 
the basal interlayer spacing in most of the nanotubular samples is close to 0.73 nm, but 
interlayer  pores  in  the  titanate  nanotubes  walls  have  a  zigzag-shaped  cross-section, 
whereas in the Ge-imogolite and nickel silicate nanotubes the pores have a flat cross 
section. The cross sectional shape of the titanate nanotube surfaces may enhance H2 
adsorption  and  may  even  allow  some  limited  access  of H2  to  the  interlayer spaces, 
increasing the specific surface area available for hydrogen adsorption (Table 8.5). 
 
Table   8.5. Properties of adsorbed  hydrogen layer at 77 K calculated from Figures 8.7-8.10, 
compared with properties of material calculated from nitrogen adsorption (Tables 8.2 and 8.3) 
SH2 = specific surface area for hydrogen adsorption, Vm = maximum volume of adsorbed H2 
layer per gram of material, dH2 = maximum average thickness of H2 layer, calculated 
from Vm / SH2, and dBET = maximum average thickness of H2 layer, calculated from Vm/ 
SBET. The diameter of the most common (largest associated volume) pore type in the 
sample measured by nitorgen adsorption (Table 8.2) is given by dpores. 
 
Nanomaterial  SH2/ 
m
2g
-1 
SBET / 
m
2g
-1 
Vm / 
cm
3g
-1 
Vpores / 
cm
3g
-1 
dH2 / 
nm 
dBET / 
nm 
dpores 
Ge-imogolite SWNT  85  299  0.11  0.20  1.28  0.36  1.6 
Ge-imogolite DWNT  15  194  0.06  0.16  4.06  0.31  1.5 
Nickel silicate NT  19  133  0.02  0.39  1.13  0.17  11.3 
Titanate NT  97  210 
[215]  0.12  0.64 
[215]  1.19  0.55  7.3 
Cd3[Fe(CN)6]2  393  556 
[215]  0.40  0.36 
[215]  1.00  0.71  1.07 
Titanate + 10 wt % 
Cd3[Fe(CN)6]2   120  244 
[215]  0.30  0.67 
[215]  2.50  1.23  7.3 
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Table  8.5  lists  the  hydrogen  adsorption  properties  of  the  materials  derived  from 
Langmuir-Freundlich  fitting  of  the  adsorption  isotherms  using  Equation  (8.1).  The 
specific  surface area of hydrogen adsorption (SH2) and the maximum volume of the 
adsorbed hydrogen layer per gram of material (Vm) are shown alongside the equivalent 
values derived from nitrogen adsorption at 77 K. It is worth drawing attention to a few 
phenomena in the data, namely that the specific surface area for hydrogen adsorption is 
much smaller than the specific surface area measured by nitrogen adsorption, and that 
the  maximum  volume  adsorbed  is  likewise  smaller  except  in  the  case  of  the   
Cd3[Fe(CN)6]2 bulk particles, which apparently have a slightly higher maximum volume 
of H2 adsorption compared to N2 adsorption.  
 
The  volume  of  hydrogen  adsorbed  in  the  pores  of  any  porous  material  would  be 
expected to be less than the total pore volume estimated from liquid nitrogen at 77 K, 
since hydrogen is in a supercritical state and cannot undergo condensation inside the 
pores like nitrogen, it can only form a layer a few molecules thick on the surface (see 
Table 8.5). The slightly larger Vm measured for the Cd3[Fe(CN)6]2 bulk particles than 
the total pore volume Vpores measured by nitrogen adsorption may be due to the degree 
of uncertainty in both measurements, since it is not possible to adsorb a greater volume 
of hydrogen than of nitrogen at 77 K.  
 
Dividing Vm by the specific surface areas SH2 and SBET gives dH2 and dBET, the thickness 
of the adsorbed layer of H2 molecules using the surface areas measured with hydrogen 
and nitrogen respectively. The accuracy of these results probably suffers from several 
cumulative errors (from isotherm measurement and isotherm fitting), but they show that 
the thickness of the adsorbed layer is less than the diameter of the pores measured by 
nitogen  adsorption  (dpores)  given  in  Table  8.5,  which  is  the  only  result  physically 
possible. It would appear from the data that the layer thickness and degree of filling of 
the pores is greatly enhanced, even doubled, in the titanate nanotubes- Cd3[Fe(CN)6]2 
composite compared with the raw titanate nanotubes, but this is only preliminary data 
and the results need to be reproduced and verified. On the whole, the values of dBET 
seem more likely than the values of dH2, as they are smaller and represent adsorption of 
only one or two layers of hydrogen molecules, as would be expected at 77 K which is 
well above the hydrogen supercritical temperature of 33.2 K.
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8.6.  Reversibility of hydrogen adsorption 
 
The reversibility of hydrogen adsorption in the microporous Ge-imogolite samples was 
evaluated by running a complete adsorption/desorption cycle in which the equilibrium 
pressure  was  increased  stepwise  until  it  was  just  above  the  saturation  point  of  the 
material, and then decreased stepwise back to zero. The results for both single-walled 
and double-walled nanotubes are shown in Figure 8.11. The shape of the desorption 
isotherm  demonstrates  fully  reversible  adsorption,  with  a  very  narrow  hysteresis 
between  the  adsorption  and  desorption  curves.  The  kinetics  of  both  adsorption  and 
desorption  were  rapid:  the  adsorption  steps  reached  equilibrium  (measured  rate  of 
change in adsorption < 1 × 10
-4 wt% min
-1) within 2 minutes and the desorption steps 
reached equilibrium within 5 minutes. 
 
Figure    8.11.  Temperature-corrected  isotherms  at  77  K  showing  (■)  hydrogen  adsorption, 
(□)…hydrogen  desorption  in  single-walled  Ge-imogolite,  and  (●)  hydrogen  adsorption, 
(○)…hydrogen desorption in double-walled Ge-imogolite. 
 
The adsorption/desorption cycle behaviour of the other  metal oxide nanotubes was not 
measured,  but  they  are  expected  to  behave  in  a  similar  manner  since  the  binding Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  167 
   
 
between  the  nanotubes  surfaces  and  H2  molecules  is  only  described  by  weak 
physisorption forces. 
 
8.7.  Conclusions 
 
Of the metal oxide nanotubes studied in this chapter, titanate nanotubes show the best 
cryogenic adsorption of hydrogen, with 0.2 wt % excess adsorption at 3 bars pressure, 
and a calculated maximum surface adsorbed mass of 0.47 wt %. Both the gravimetric 
and volumetric hydrogen adsorption properties of titanate nanotubes can be increased 
by doping with 10 wt % Cd3[Fe(CN)6]2 Prussian blue analogue material, although the 
chemical bonding of the PB analogue to the titanate nanotube surface does not appear to 
enhance the gravimetric storage over what would be expected for a physical mixture of 
the two substances (ca. 0.6 wt %). The excess hydrogen adsorption of all the other metal 
oxide nanotubes is less than 0.2 wt %, and at room temperature the hydrogen adsorption 
of all the materials was found to be zero. 
 
The isotherms measured in this chapter are only preliminary data and require repetition 
together with measurement of more points to improve fitting, but the results obtained so 
far suggest that, without any modifications to increase the surface area or the binding 
energy of hydrogen to the nanotube surfaces, the metal oxide nanotubes studied here are 
not useful as hydrogen storage materials.  Chapter 8: Hydrogen adsorption properties of metal oxide nanotubes  168 
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Chapter 9:   Conclusions and Suggestions for Further 
Work 
 
 
9.1.  Conclusions 
 
The  work presented in  this  thesis  was carried  out to  improve understanding  of  the 
hydrothermal  synthesis  mechanism  and  hydrogen  storage  properties  of  metal  oxide 
nanotubes.  Nanotubes  composed  of  the  materials  Al2Si2O5(OH)4  (halloysite), 
Ni3Si2O5(OH)4 (nickel silicate), Al2GeO3(OH)4 (germanium-imogolite), VOx (vanadium 
oxide) and H3TixO2x+1(titanate) formed the basis of this work. 
 
In the first part of this project, a hydrothermal synthesis method at 220 ºC for 7 days 
duration under acid conditions (pH 2) was devised for halloysite nanotubes, which had 
not yet been synthesised except in very slow processes close to room temperature due to 
the  lesser  thermodynamic  stability  of  halloysite  nanotubes  in  relation  to  the  flat 
nanosheet form of Al2Si2O5(OH)4, kaolinite. The synthesis method used in this thesis 
was inspired by the use of silicon(IV) substitution with germanium(IV) in another type 
of aluminosilicate nanotubes, Al2SiO3(OH)4 (imogolite) to alter the curvature of the 
nanotubes. It was expected that replacement of SiO4 tetrahedra with GeO4 tetrahedra in 
the silicate sheet in the Al2Si2O5(OH)4 layers would cause an increase in the geometric 
strain of the layers, promoting bending of the Al2Si2O5(OH)4 nanosheets into nanotubes.  
 
The synthesis was successful, with an increase in Al2Si2O5(OH)4 curvature from sheets 
towards  spheres  and  finally  tubes  as  X, the mole  fraction of Ge(IV) substituted  for 
Si(IV) in the starting materials, was increased from 0 to 0.2. However, the amount of 
Ge(IV) actually incorporated into the  Al2Si2O5(OH)4 structure was less than expected, 
the chemical formula of the as-synthesised multiwalled nanotubes estimated using EDX 
being  described  by  Al2Si2-xGexO5(OH)4,  where  x  ≤  0.004.  Calculations  for  curved 
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diameter of 50 nm, which were the average dimensions of the  synthetic nanotubes, 
estimated that x should be equal to approximately 0.34 (i.e. 18 % Ge(IV) substitution) to 
achieve this degree of curvature. The fact that a much smaller substitution was observed 
means  that  the  presence  of  Ge(IV)  in  the  structure  has  a  stronger  effect  on  the 
Al2Si2O5(OH)4  that  might  be  expected,  either  by  distorting  the  interconnected 
framework of SiO4 tetrahedra beyond the neighbours of the GeO4 substituted into the 
layer,  or  by  inducing  Si(IV)  cation  vacancies  which  enlarge  the  SiO4  sheet  due  to 
neighbouring O
-- O
- repulsion.  
 
When X is increased further to 0.5, a change is induced in the aluminosilicate structure 
to form Ge-doped imogolite nanotubes, Al2Si1-xGexO3(OH)4 where x is approximately 
equal to 0.35. The large increase in Ge(IV) substitution apparently favours the imogolite 
structure over the halloysite structure, whereas in the absence of Ge(IV), Al2Si2O5(OH)4 
is the only aluminosilicate product. The reasons for this change are not yet clear. The 
substitution of Ge(IV) in the synthesis also generates an increasingly large percentage of 
amorphous  material,  in  which  most  of  the  Ge(IV)  from  the  starting  materials  is 
contained: in the X = 0.2 and 0.5 products, only approximately 10 % of the products by 
mass contain crystalline aluminosilicates. 
 
Aging of samples of naturally-occurring halloysite nanotubes in dilute and concentrated 
acidic and basic solutions revealed that halloysite is  kinetically  stable in water, and 
weak organic or dilute (1 mmol dm
-3) inorganic acid and alkaline solutions at room 
temperature. In concentrated (0.01 – 1 mol dm
-3) solutions of strong acids and bases, 
extensive acid- or base-catalysed dissolution is initiated at the inner Al-OH surface of 
the nanotubes, leading to progressive thinning of the tubes from the inside. In solutions 
of strong acids H2SO4 and HCl, the greater solubility of Al(III) vs. Si(IV) leads to the 
formation of small SiO2 nanoparticles inside the tubes, enhancing the surface area and 
pore volume of the sample. In NaOH solutions the greater solubility of Si(IV) compared 
to  Al(III)  leads  to  the  formation  of  fragmented  flaky  particles  containing  layers  of 
Al(OH)3 outside the tubes. In NaOH the initial rate of the dissolution follows pseudo-
first-order reaction  kinetics,  whereas  in  H2SO4  the  kinetic  curves  of  dissolution are 
characterized by an ‘induction’ period of time, indicating a slower mechanism of Al(III) 
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The hydrothermal synthesis experiments for Ni3Si2O5(OH)4 nanotubes at 195 ºC for 2 
days duration in NaOH solutions were designed to investigate the effect of the Ni/Si 
ratio  and  NaOH  concentration  in  the  starting  materials  on  the  morphology  of  the 
resulting nanotubes, in order to reveal details of the nanotube formation mechanism. An 
molar Ni/Si ratio of 1.5 and added concentration of NaOH in the range 2 – 10 wt % 
were found to be the optimum conditions for the formation of nickel silicate nanotubes. 
The average length of the nanotubes increased as the concentration of added NaOH was 
increased. 
 
The hydrothermal synthesis experiments for vanadium oxide nanomaterials at a range of 
temperatures  between  90  –  180  ºC  were  designed  to  increase  understanding  of  the 
nanotube  formation  mechanism  and  to  investigate  whether  this  use  of  the  V(V)-
coordinating  ligand  ethylenediamine  would  stimulate  formation  of  nanotubes  at 
temperatures below 180 ºC. At the ethylenediamine concentrations used in this work, 
nanotubes were not observed to form, although the rate of formation of elongated VOx 
nanosheets  was  more  than  tripled  at  90  ºC  through  the  addition  of  0.1  mol  dm
-3 
ethylenediamine  prior  to  hydrothermal  treatment.  The  rapid  scrolling  of  these 
nanosheets under the TEM electron beam was observed, and together with the XRD 
results this strongly suggests that the nanosheets scroll into tubular shapes because of 
the removal of intercalated amine molecules during heating. 
The studies of metal oxide nanotube synthesis in this thesis have shown that metal oxide 
nanotubes  are  formed  via  the  scrolling  of  elongated  nanosheets  which  grow  from 
precursor  materials  via  recrystallisation.  The  mechanism  of  scrolling,  however,  is 
specific  to  each  nanotube  (Figure  9.1).    The  scrolling  of  Al2Si2O5(OH)4  nanotubes 
occurs parallel to the [010] nanosheet growth direction (the crystallographic b-axis), and 
must be induced by the presence of doping  agents such as Ge(IV)  in the synthesis 
mixture, otherwise flat nanosheets are thermodynamically favoured. The scrolling of 
nickel silicate (Ni3Si2O5(OH)4) nanotubes, on the other hand, occurs spontaneously in a 
straightforward  stoichiometric mixture  (1.5 molar  ratio) of NiCl2 and Na2SiO3.  The 
scrolling  of  the  nanotubes occurs around the a-axis,  perpendicular to the nanosheet 
growth  direction  (b-axis).  In  this  way  the  formation  mechanism  of  nickel  silicate 
nanotubes strongly resembles that of titanate nanotubes (cf. Figure 2.12), although the 
thermodynamic driving forces for their scrolling are different (see Section 2.3.2).  Chapter 9: Conclusions and Suggestions for Further Work  172 
   
 
Vanadium oxide (VOx) nanotubes form from elongated nanosheets scrolled around the 
[110] direction. The scrolling commences from the nanosheet ends rather than evenly 
along the whole nanosheet as occurs with Al2Si2O5(OH)4 and Ni3Si2O5(OH)4, because 
the driving force for scrolling is the removal of intercalating amine molecules starting 
from the nanosheet ends. The elongated nanosheets wind around themselves like a piece 
of  flexible  tape  to  form  nanotubes,  producing  uneven  tube  walls  with  a  variable 
diameter along their length (see Figure 9.1). 
 
 
 
Figure   9.1. Scrolling mechanisms of different metal oxide nanotubes proposed in this thesis, (a) 
halloysite  Al2Si2O5(OH)4,  (b)  nickel  silicate  Ni3Si2O5(OH)4,  and  (c)  vanadium  oxide 
VO2.43(RNH2)0.27. The images on the right are SEM and TEM images of the resulting nanotubes. 
 
In the latter part of this work, the hydrogen storage properties of a range of synthetic 
metal oxide nanotubes were measured and compared. The results show that metal oxide 
nanotubes do not strongly physisorb hydrogen even at temperatures as low as 77 K. The 
best gravimetric adsorption results were achieved with titanate nanotubes, which may 
adsorb up to 0.47 wt % hydrogen on their surface. This is far short of the DOE 2015 Chapter 9: Conclusions and Suggestions for Further Work  173 
   
 
target of 9 wt % storage, indicating that metal oxide nanotubes are not promising as 
hydrogen  storage  materials.  A  small  enhancement  of  hydrogen  adsorption  can  be 
achieved by doping metal oxide nanotubes with Prussian blue (PB) analogues with the 
structure M3[Fe(CN)6]2, but a much higher gravimetric adsorption (above 1.5 wt %) is 
achievable by simply using bulk PB particles without supporting them on nanotubes. At 
room temperature, none of the nanotubular or PB particles adsorb hydrogen, therefore 
the binding energy of hydrogen to the particle surfaces must be small (<< 10 kJ mol
-1).  
 
 
9.2.  Suggestions for Further Work 
 
9.2.1.  Hydrothermal synthesis of Al2Si2O5(OH)4 (halloysite) nanotubes 
 
Although the work in Chapter 4 is a novel route to producing halloysite nanotubes, 
which had not previously been synthesised under hydrothermal conditions, the synthesis 
protocol has some drawbacks for large-scale synthesis of halloysite. These drawbacks 
are mainly associated with (i) a large mass of unwanted products, initially low at zero 
GeO2-doping but rising to 90 % of the total product mass in the X = 0.2 (20 % GeO2 
substituted) sample in which halloysite nanotubes are formed, and (ii) the 7 day reaction 
period, which is too long to be of practical large-scale use. With these challenges in 
mind, the following suggestions for further work are proposed:  
 
•  Reduce the quantity of unwanted by-products (γ-AlOOH and amorphous 
aSiO2·bGeO2·cAl2O3 nanoparticles). The reactions in this thesis were performed 
at pH = 2, but Al2Si2O5(OH)4 can form within a wide pH range (0.5- 7) 
[299] 
under hydrothermal conditions at 200 - 250 ºC. Lowering the pH may increase 
the solubility of Al(III) species (see Figure 2.7, page 22), and help dissolve γ-
AlOOH particles. Decreasing the pH will almost certainly decrease the mass 
yield of Al2Si2O5(OH)4, and more Al(III) will remain in solution, but may 
increase the percentage yield of Al2Si2O5(OH)4 relative to γ-AlOOH. 
•  Decrease the duration of the reaction below 7 days. Ligands which bind Al(III) 
or Si/Ge(IV) species (e.g. EDTA) could be used to increase the solubility of the 
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•  Lower the synthesis temperature (without compromising crystallinity of 
product). This would be difficult to achieve, because lowering the synthesis 
temperature would contradict the previous aim of reducing the reaction duration. 
However, the use of ligands as suggested above may also allow some reduction 
in the synthesis temperature, if their effect of increasing the reaction rate is 
strong enough. 
 
 
9.2.2.  Long-term solution stability of halloysite nanotubes 
 
The  work  in  Chapter  5  is  complete  in  that  it  successfully  catalogues  the  rate  of 
dissolution  and  dissolution  mechanism  of  halloysite  nanotubes  in  H2SO4,  HCl, 
CH3COOH, and NaOH solutions at both high and low acid and base concentrations. It 
was also established that halloysite nanotubes are very  stable  in a distilled aqueous 
solution  over  a  long  period  of  time,  with  a  small  release  of  Si(IV)  into  solution 
corresponding to less than 4 % of the Si(IV) mass in the original halloysite the only 
indication of any dissolution. There is scope, however, for the work to be extended, 
particularly  in  the  direction  of  assessing  the  long-term  stability  of  halloysite  in 
biological  solution  environments  for  the  proposed  drug-delivery  applications  of 
halloysite (see Chapter 1). Therefore, the following extension of this work is suggested: 
 
•  Perform controlled aging experiments of halloysite in bio-mimetic solutions, i.e. 
solutions containing metal  salts  and buffers such as citrate and phosphate in 
biologically significant concentrations, to determine whether such solutions have 
any  effect  on  the  structure  or  properties  of  halloysite:  either  by  initiating 
dissolution of the nanotubes walls or by intercalation into the interlayer spaces.  
 
 
9.2.3.  Hydrothermal synthesis of Ni3Si2O5(OH)4 nanotubes 
 
In  Chapter  6  the  effect  of  varying  the  nickel(II)  to  silicon(IV)  ratio  and  sodium 
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nanotubes  was  fully  described.  It  would  be  possible  to  extend  this  work  through 
investigation of the following: 
 
•  Analyse effect of temperature on the synthesis of Ni3Si2O5(OH)4 nanotubes. 
Previous work (see Table 2.2 in Chapter 2) suggests that raising the synthesis 
temperature increases the formation rate of nanotubes such that a lower 
concentration of NaOH is necessary in the reaction solution. Conversely, if the 
concentration of NaOH is very high, the synthesis temperature of the nanotubes 
could possibly be lowered.  
•  Investigate whether other M
2+ metal species (e.g. Fe
2+, Co
2+, Mn
2+) can be 
substituted in the NiO6 layer of the nanotubes, in order to prepare novel 
nanotubes with a range of different properties and morphologies. 
 
9.2.4.  Hydrothermal synthesis of VOx (vanadium oxide) nanotubes 
 
A low temperature route to vanadium oxide nanotubes was not achieved in this work. 
The  following  list  gives  suggestions  for  the  improvement  of  the  synthesis  at  low 
temperatures: 
 
•  Experiment with using different –NH2 containing ligands dissolved in the 
reaction suspension to increase the solubility of vanadium(V) from the precursor 
material, and to aid the partial removal of dodecylamine from the interlayer 
spaces.   
•  Change the intercalating amine used for VOx nanotube synthesis. Shorter chain 
amines, such as hexylamine or butylamine, may have faster intercalation and 
deintercalation rates. This could accelerate the scrolling process. 
 
9.2.5.  Hydrogen storage properties of nanotubes  
 
The hydrogen adsorption capacities of the nanotubes measured in this thesis were found 
to be low ( << 1 wt %) at cryogenic temperatures, and negligible at room temperature. 
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even at room temperature (see Chapter 2). To improve the adsorption capacities of these 
metal oxide materials, the following areas should be addressed: 
 
•  Increase the surface area of the nanotubes. Surface areas above 1000 m
2g
-1 are 
necessary to increase both the gravimetric and volumetric storage of hydrogen. 
The surface areas of metal oxide nanotubes could be significantly increased by 
acid treatment (as shown with halloysite in Chapter 5). 
•  Doping the acid-treated nanotubes with materials which have stronger binding 
energies with H2 (for example Pt clusters with a binding energy of 50-60 kJ 
mol
-1 
[300]) to attempt to create hydrogen ‘spillover’ onto the nanotube surface 
from the doping material. 
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Appendix A: Electron Microscopy EDX and SAED, 
and XRD Analysis 
 
 
A1. Determination of EDX detection limits for Ge(IV) content 
 
In  order  to  identify  the  lower  limit  of  determination  of  germanium  content  in 
nanotubular aluminosilicates using EDX (on the Jeol 3010 TEM), several samples of 
naturally-occurring Al2Si2O5(OH)4 halloysite  nanotubes (Sigma Aldrich, cat.  number 
685445) were impregnated with an aqueous solution of Na4GeO4 (prepared from a stock 
solution of GeO2 dissolved in 1 mol dm
-1 NaOH) followed by evaporation of the solvent 
using a rotary evaporator (100 rpm), resulting in homogenous deposition of Na4GeO4 on 
the surface of the nanotubes.   
 
 
Figure A.1. TEM images and EDX spectra of halloysite nanotubes doped with Ge(IV) at the 
level of (a) 0.05 wt % and (b) 0.1 wt %. The threshold of Ge(IV) detection appears to be close 
to 0.1 wt %. Appendix A: Electron Microscopy EDX and SAED, and XRD Analysis  178 
   
 
The doping concentration of Ge(IV) was varied in the range from 0.05 to 0.5 wt % 
GeO2 per mass of nanotubes, which is equal to 0.06 – 0.6 % Ge(IV) of the total number 
of  Ge(IV)  +  Si(IV)  atoms, calculated  from  the  molecular masses of GeO2 and  Al2 
Si2O5(OH)4.  More  than  10  areas  in  each  sample  were  analyzed  using  the  electron 
microscope. Figure A.1 shows characteristic TEM images and EDX spectra taken from 
the  nanotubes  doped  with  germanium.  Based  on  these  results,  the  lower  limit  of 
germanium determination can be approximated as 0.1 wt %, or approximately 0.12 % 
Ge(IV) of the total Ge(IV) + Si(IV) atoms. 
 
 
A2. Indexing of reflections of Ge-aluminosilicate SAED patterns 
 
 
The  following  table  shows  measured  d-spacings  from  the  crystalline  products  of 
Chapter 4 analysed by SAED, compared with d-spacings from published SAED and 
XRD data. 
 
 
Table A.1.  Indexing of crystal reflections in halloysite-type nanotubes synthesised in products 
with mole fraction GeO2 (X), in the range 0 – 0.5, by comparison with XRD and SAED data in 
the literature.  
 
Mole 
fraction 
GeO2 
Morphologies examined 
by SAED 
hkl  Experimental 
d / nm 
d / nm, taken from 
references 
[233, 235, 301, 
302, 303, 304]
 
020  0.455  0.447 
110  0.439  0.438 
111  0.427  0.418 
021  0.397  0.384 
0  Al2Si2O5(OH)4 NS  
002  0.334  0.357 
110  0.441  0.441 
002  0.363  0.372 
131  0.242  0.249 
040  0.221  0.223 
0.2  Al2Si2O5(OH)4 MWNT 
262  0.121  0.125 Appendix A: Electron Microscopy EDX and SAED, and XRD Analysis  179 
   
 
020  0.603  0.606 
120  0.310  0.310 
031  0.219  0.229 
051  0.172  0.181 
γ-AlOOH NR/ NS 
251  0.133  0.132 
71  0.341-0.351  0.328 – 0.353 
04  0.220  0.208 
0.5  Al2SixGe1-xO3(OH)4 
SWNT 
06  0.148  0.138 
  
 
A3. Indexing of reflections in nickel silicate XRD patterns 
 
The  following  table  shows  measured  d-spacings  from  the  crystalline  products  of 
Chapter 6 analysed by XRD, indexed by comparison with published crystallographic 
data. 
[264, 272] The FWHM (full width at half maximum) of each reflection peak is given, 
with the instrumental broadening of 0.085 º subtracted.  
 
Table A.2. Indexing of Ni3Si2O5(OH)4 and β-Ni(OH)2 crystal reflection in the XRD patterns of 
the unmodified nickel silicate products. 
 
Sample 
wt % NaOH (Ni/Si) 
Phase  hkl  2θ / º  d / nm  FWHM / º 
0 wt % (1.5)  Ni3Si2O5(OH)4  (002)  25.8  0.345  1.91 
  Ni3Si2O5(OH)4  (200)  37.11  0.242  2.488 
  Ni3Si2O5(OH)4  (030)  60.48  0.153  1.035 
4 wt % (1)  Ni3Si2O5(OH)4  (001)  12.09  0.731  2.586 
  β-Ni(OH)2 
 
(001)  19.33  0.459  0.913 
  Ni3Si2O5(OH)4  (002)  24.46  0.364  1.534 
  Ni3Si2O5(OH)4  (200)  33.93  0.264  0.009 
  Ni3Si2O5(OH)4  (030)  60.58  0.153  0.434 
4 wt % (1.5)  Ni3Si2O5(OH)4  (001)  12.1  0.730  0.764 Appendix A: Electron Microscopy EDX and SAED, and XRD Analysis  180 
   
 
  β-Ni(OH)2  (001)  19.21  0.462  0.137 
  Ni3Si2O5(OH)4  (002)  24.36  0.365  0.893 
  β-Ni(OH)2  (100)  33.0  0.261  0.0 
  Ni3Si2O5(OH)4  (200)  33.86  0.265  0.29 
  β-Ni(OH)2  (101)  38.48  0.234  0.095 
  β-Ni(OH)2  (102)  52.30  0.176  0.024 
  β-Ni(OH)2  (110)  58.96  0.157  0.197 
  Ni3Si2O5(OH)4  (030)  60.46  0.153  0.433 
4 wt % (2)  Ni3Si2O5(OH)4  (001)  12.09  0.731  1.005 
  β-Ni(OH)2  (001)  19.33  0.459  0.095 
  Ni3Si2O5(OH)4  (002)  24.46  0.364  0.853 
  β-Ni(OH)2  (100)  33.04  0.271  0.02 
  Ni3Si2O5(OH)4  (200)  33.93  0.264  0.226 
  β-Ni(OH)2  (101)  38.53  0.233  0.085 
  β-Ni(OH)2  (102)  52.05  0.176  0.105 
  β-Ni(OH)2  (110)   59.03  0.156  0.063 
  Ni3Si2O5(OH)4  (030)  60.58  0.153  0.698 
  β-Ni(OH)2  (111)  62.70  0.148  0.171 
4 wt % (3)  Ni3Si2O5(OH)4  (001)  12.07  0.732  1.005 
  β-Ni(OH)2  (001)  19.25  0.461  0.039 
  Ni3Si2O5(OH)  (002)  24.34  0.365  0.53 
  β-Ni(OH)2  (100)  33.03  0.271  0.052 
  Ni3Si2O5(OH)  (200)  33.88  0.264  0.102 
  β-Ni(OH)2  (101)  38.54  0.233  0.076 
  β-Ni(OH)2  (102)  52.08  0.175  0.115 
  β-Ni(OH)2  (110)   59.04  0.156  0.053 Appendix A: Electron Microscopy EDX and SAED, and XRD Analysis  181 
   
 
  Ni3Si2O5(OH)4  (030)  60.53  0.152  0.288 
  β-Ni(OH)2  (111)  62.68  0.148  0.093 
7 wt % (1.5)  Ni3Si2O5(OH)4  (001)  12.02  0.735  0.675 
  β-Ni(OH)2  (001)  19.30  0.460  0.022 
  Ni3Si2O5(OH)4  (002)  24.35  0.365  0.742 
  β-Ni(OH)2  (100)  32.98  0.271  0.042 
  Ni3Si2O5(OH)4  (200)  33.98  0.264  0.398 
  β-Ni(OH)2  (101)  38.45  0.234  0.067 
  β-Ni(OH)2  (102)  52.01  0.175  0.019 
  β-Ni(OH)2  (110)   58.97  0.156  0.067 
  Ni3Si2O5(OH)4  (030)  60.46  0.153  0.289 
10 wt % (1.5)  Ni3Si2O5(OH)4  (001)  12.01  0.749  0.945 
  β-Ni(OH)2  (001)  18.96  0.478  0.874 
  Ni3Si2O5(OH)4  (002)  24.43  0.365  0.469 
  β-Ni(OH)2  (100)  33.05  0.271  0.010 
  Ni3Si2O5(OH)4  (200)  34.01  0.265  0.286 
  β-Ni(OH)2  (101)  38.50  0.234  0.676 
  β-Ni(OH)2  (102)  53.04  0.173  2.166 
  Ni3Si2O5(OH)4  (030)  60.15  0.154  1.042 
15 wt % (1.5)  β-Ni(OH)2  (001)  19.18  0.462  0.975 
  β-Ni(OH)2  (100)  33.33  0.269  0.368 
  β-Ni(OH)2  (101)  38.45  0.234  1.401 
  β-Ni(OH)2  (102)  51.977  0.176  1.960 
  β-Ni(OH)2  (110)  59.18  0.156  0.282 
  β-Ni(OH)2  (111)  62.75  0.148  0.681 
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Appendix B: Colorimetric Data 
 
 
B1. Sample spectra of colorimetric complexes 
 
 
The  following  graphs  are  sample  spectra  collected  over  the  visible  range  for  the 
colorimetric complexes used in this thesis. Figure B.1 shows the UV-visible spectrum 
of the blue complex of pyrocatechol violet with 20  mol dm
-3Al(III) compared with the 
unreacted  pyrocatechol  violet,  which  is  orange-yellow.  At  intermediate  Al(III) 
concentrations close to 10  mol dm
-3 the solution appears green as it is a mixture of the 
Al(III) complex and unreacted pyrocatechol violet. 
 
 
Figure B.1. Sample UV-vis. spectra of pyrocatechol violet in the presence of (a) 20 and (b) 10 
 mol dm
-3 AlCl3 solution, and (c) unreacted pyrocatechol violet. 
 
 
Figure  B.2.  shows  the  UV-visible  spectrum  of  the  silico-molybdate  complex 
“molybdenum blue”, H8SiMo12O40. 12H2O. The blue color intensifies as the solution 
concentration of Si(IV) increases. In the absence of Si(IV) the solution is colourless. Appendix B: Colorimetric data    184 
   
 
 
Figure B.2. Sample UV-vis. spectra of Si(IV) molybdenum blue complex at (a) 0.5, (b) 0.4, (c) 
0.3, (d) 0.2 and (e) 0.1   mol dm
-3 concentrations of dissolved SiO2. 
 
The UV-vis. spectrum of the V(V)-BPHA complex (purple) is shown below in figure 
B.3.  
 
Figure B.3. Sample UV- vis. spectra of V(V)-BPHA complex at (a) 40, (b) 30, (c) 20 and (d) 10 
 mol dm
-3 concentrations of dissolved V2O5. 
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B2. Typical calibration curves 
 
The calibration curves used to determine the solution concentration of Al(III), Si(IV) 
and V(V) in chapters 5 and 7 are shown in Figures B.4.-B.5. To produce the calibration 
curves, stock solutions containing known concentrations of metal ions were used. The 
stock solution of Al(III) was made by dissolving AlCl3.6H2O in distilled water, the 
stock solution of Si(IV) was made by dissolving SiO2 in 1 mol dm
-3 NaOH and diluting 
with distilled water, and the stock solution of V(V) was made by dissolving V2O5 in 
1 mol dm
-3 HCl and diluting with distilled water. The stock solutions were all 0.01 mol 
dm
-3 in concentration and had to be diluted by an appropriate amount to produce the 
points for the calibration curves in this section. The procedure followed to produce the 
colorimetric complexes from the solutions containing metal ions is detailed in Section 
3.6 page 58. 
 
It should be noted that pyrocatechol violet is light-sensitive and decomposes over a few 
days, so a fresh stock solution had to be made for each analysis, hence Figure B.4. is a 
single representation of a calibration curve that had to been re-measured for every new 
stock  solution  of  pyrocatechol  violet.  For  molybdate  and  BPHA,  the  same  stock 
solution was used for all analyses, and Figures B.5 and B.6. were used to determine the 
concentration of all samples analysed for Si(IV) and V(V). 
 
 
Figure B.4. Calibration curve for Al(III)(aq) concentration /  mol dm
-3 vs. absorbance at 580 nm. 
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Figure B.5. Calibration curve for Si(IV)(aq) concentration/ mmol dm
-3 vs. absorbance at 650 nm.  
 
 
Figure B.6. Calibration curve for V(V)(aq) concentration/  mol dm
-3 vs. absorbance at 535 nm. 
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Appendix C: Calculations for Solubility Diagrams 
 
 
C1. Aluminium hydroxide solubility 
 
The total concentration of aluminium (III) in aqueous solution is given by the sum of all 
hydrolysed species: 
 
− + + + + + + + =
4 3 2
2 3 Al(OH) Al(OH) Al(OH) Al(OH) Al Al(III) C C C C C C                (C.1) 
 
The solubility constants of Al(OH)3 have been measured over the range 25 – 350 ºC by 
[111,  260]. The solubility constants refer to the reactions: 
 
Αl(ΟΗ)3 (s) + 3Η
+ 
1 K
=  Αl
3+
( aq) + 3Η2Ο                (C.2) 
 
Αl(ΟΗ)3 (s) + 2Η
+ 
2 K
=  Αl (ΟΗ)
2+
(aq) + 2Η2Ο              (C.3) 
 
Αl(ΟΗ)3 (s) + Η
+ 
3 K
=  Αl (ΟΗ)2
+
(aq) + Η2Ο               (C.4) 
 
Αl(ΟΗ)3 (s) 
4 K
=  Αl(ΟΗ)3 (aq)                    (C.5)
   
Αl(ΟΗ)3 (s) + Η2Ο 
5 K
=  Αl(ΟΗ)4
-
(aq) + Η
+                (C.6) 
 
Consequently, the concentrations of each hydrolysed species can be calculated by the 
formulae  
3
1 Al H 3 ] [
+ ⋅ = + K C , 
2
2 Al(OH) H 2 ] [
+ ⋅ = + K C etc. Since the concentration of H
+ is 
measured in logarithmic units (i.e. pH = -log10[H
+]), it is more convenient to derive an 
expression that measures the concentration of each Al species in terms of pH and log Kn 
(Equation C.7). Appendix C: Calculation of Solubility Diagrams  188 
   
 
 
pH) (logK ) (logK pH) (logK 2pH) (logK 3pH) (logK
Al(III)
5 4 3 2 1 10 10 10 10 10
+ − − − + + + + = C     (C.7) 
 
The values of log Kn are temperature dependent, causing the shape of the solubility 
curve to change with temperature. The values of log Kn at 25 ºC were taken from the 
experimental Al(OH)3 (gibbsite) solubility data of Wesolowski et al.
[260], and the values 
of log Kn at 200 ºC were taken from the experimental  γ-AlOOH (boehmite) solubility 
data of  Castet et al.
[111] These constants were substituted into Equation C.7 to produce 
the solubility plots shown in Sections 2.3.1  and 5.4. 
 
Table C.1. Logarithmic solubility constants for aluminium hydroxides. At 25 ºC the constants 
are determined for Al(OH)3, and at 200 ºC they are determined for the dehydrated aluminium 
hydroxide,  γ-AlOOH. 
 
Temperature/ ºC  log K1  log K2  log K3  log K4  log K5 
25  7.74  2.78  -2.80  -9.60  -15.13 
200  -0.028  -1.41  -4.00  -6.65  -11.75 
 
 
 
 
C2. Ni(II) hydroxide solubility 
 
The  total  concentration  of  Ni(II)  in  aqueous  solution  is  given  by  the  sum  of  all 
hydrolysed species: 
 
2
2 Ni(OH) Ni Ni(II) C C C + = +                 (C.8) 
 
Based on the dissolution reactions 
 
β-Νi (ΟΗ)2 (s) +  2Η
+ 
1 K
=  Νi
2+
(aq)                  (C.9) 
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β-Νi (ΟΗ)2 (s) 
2 K
=  Ni(OH)2 (aq)                               (C.10)
   
The species Ni(OH)
+
(aq) and Ni(OH)3
-
(aq) are thought to only exist in negligible amounts. 
[105] Thus the expression for the variation in Ni(II) concentration with pH is given by: 
 
) (logK 2pH) (logK
Ni(II)
2 1 10 10 + =
− C               (C.11) 
 
The temperature dependence equation derived by Palmer et al. 
[105] states that 
 
log10
 K1 = -2.71 + (4228.48/T)                 (C.12) 
 
where T is measured in degrees Kelvin. Hence the values of log K1 and can be derived 
at 25 ºC and 195 ºC, which was the synthesis temperature of Ni3Si2O5(OH)4 nanotubes 
used in this thesis. To calculate  log K2, the  second hydrolysis constant KH2  for the 
reaction  Ni
2+
(aq)  +2H2O  =  Ni(OH)2  (aq) +  2H
+  was  used  in conjunction  with  log  K1 
according to the formula 
 
log K2 = log K1 + log KH2                  (C.12) 
 
where log KH2 was calculated using the temperature dependence formula 
[105] 
 
log KH2 = 6.09 – (7282.7/T) – 0.009476T            (C.13) 
 
The results of these calculations are presented below in Table C.2. These values were 
substituted into equation C.8 to give the solubility plots in Sections 2.4.1 and 6.3. 
 
Table C.2. Logarithmic solubility constants for β-Ni(OH)2. 
 
Temperature/ ºC  log K1  log K2 
25  11.48  -18.22 
195  6.34  -13.91 
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C3. Cobalt (II) hydroxide solubility 
 
The  total  concentration  of  Co(II)  in  aqueous  solution  is  given  by  the  sum  of  all 
hydrolysed species: 
 
− − + + + + + + = 2
4 3 2
2 Co(OH) Co(OH) Co(OH) Co(OH) Co Co(II) C C C C C C     (C.14) 
 
Which is based on the dissolution reactions 
 
Cο(ΟΗ)2 (s) + 2Η
+ 
1 K
=  Cο
2+
(aq) + 2Η2Ο              (C.15) 
Co(OH)2 (s) + H
+ 
2 K
=  Co(OH)
+
(aq) + H2O             (C.16) 
Co(OH)2 (s) 
3 K
=  Co(OH)2 (aq)                  (C.17) 
Co(OH)2 (s) + H2O 
4 K
=  Co(OH)3
-
(aq) + H
+             (C.18) 
Co(OH)2 (s) + 2H2O 
5 K
=  Co(OH)4
2-
(aq) + 2H
+            (C.19) 
 
At 25 ºC the value of logK1 can be derived from the solubility product Ksp = 2.5 × 10
-16 
derived by Gayer and Garrett. 
[305] Since Ksp = [Co
2+][OH
-] = 
] [H
K
] [Co
w 2
=
+ , it follows 
that log K1 = log Ksp – 2log Kw where Kw is the dissociation constant of water at 25 ºC 
which is equal to 1.2 × 10
-14. Therefore log K1 = 12.24. Using the published hydrolysis 
constants determined from experimental results, 
[110] it is possible to calculate values for 
all log Kn at 25 ºC. These values, which are shown in Table C.3, were used in equation 
C.14 to produce the solubility plot in Section 2.4.1. 
 
Table C.3. Logarithmic solubility constants for Co(OH)2. 
 
Temperature/ ºC  log K1  log K2  log K3  log K4  log K5 
25  12.24  2.59  -6.56  -19.26  -34.06 
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C4. Iron (III) hydroxide solubility 
 
The  solvation  of  iron  (III)  hydroxide  proceeds  in  much  the  same  way  as  Al(III) 
hydroxides, forming similar Fe
3+, Fe(OH)
2+, Fe(OH)2
+, Fe(OH)3 and Fe(OH)4
- species 
in  solution  (see  section  C1).  The  solubility  constants  for  these  species  have  been 
calculated  at  25  ºC  from  solubility  products  and  hydrolysis  constants  derived  from 
experimental data by Liu and Millero, 
[109] and are shown in Table C.4 below. 
 
Table C.4. Logarithmic solubility constants for Fe(OH)3. 
 
Temperature/ ºC  log K1  log K2  log K3  log K4  log K5 
25  4.1  2.0  -2.2  -10.2  -18.2 
 
These constants were then used in an equation identical to equation C.7 to produce the 
solubility plot in Section 2.4.1. 
 
 
C5. Magnesium (II) hydroxide solubility 
 
The  total  concentration  of  Mg(II)  in  aqueous  solution  is  given  by  the  sum  of  all 
hydrolysed species: 
 
+ + + =
Mg(OH) Mg Mg(II) 2 C C C                 (C.20) 
 
Existence of the species Mg(OH)2 (aq) and Mg(OH)3
-
(aq) has not been confirmed by 
experimental results.
 [108] 
 
The solubility constants for magnesium hydroxide are defined by the reactions 
 
Mg(OH)2 (s)  + 2H
+ 
1 K
=  Mg
2+
(as) + 2H2O              (C.21) 
Μg(ΟΗ)2 (S) + Η
+ 
2 K
=  Μg(ΟΗ)
+
(aq) + Η2Ο            (C.22) 
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Based on the experimental results of Brown et al., 
[107] log K1 can be calculated using 
 
-log K1 = 2.49 – (5847/T)                  (C.23) 
 
where T is in degrees Kelvin. The value of log K2 at a given temperature can be 
calculated using the formula 
 
log K2 = log K1 + log KH1                  (C.24) 
 
where KH1 is the first hydrolysis constant of Mg
2+
(aq). KH1 can be calculated from the 
data of Benezeth, Palmer and Wesolowski. 
[108] The calculated values of log K1 and log 
K2 are displayed in Table C.5. These values were used in equation C.20 to obtain the 
solubility plots in Section 2.4.1. 
 
Table C.5. Logarithmic solubility constants for Mg(OH)2. 
 
Temperature/ ºC  log K1  log K2 
25  17.13  5.45 
200  10.08  2.94 
 
 
C6. Copper (II) hydroxide solubility 
 
The  total  concentration  of  Cu(II)  in  aqueous  solution  is  given  by  the  sum  of  all 
hydrolysed species: 
 
− − + + + + + + = 2
4 3 2
2 Cu(OH) Cu(OH) Cu(OH) Cu(OH) Cu Cu(II) C C C C C C     (C.25) 
 
The solubility constants for Cu(OH)2 are defined by the reactions 
 
Cu(ΟΗ)2 (s) + 2Η
+ 
1 K
=  Cu
2+
(aq) + 2Η2Ο              (C.26) 
Cu(OH)2 (s) + H
+ 
2 K
=  Cu(OH)
+
(aq) + H2O             (C.27) Appendix C: Calculation of Solubility Diagrams  193 
   
 
Cu(OH)2 (s) 
3 K
=  Cu(OH)2 (aq)                  (C.28) 
Cu(OH)2 (s) + H2O 
4 K
=  Cu(OH)3
-
(aq) + H
+             (C.29) 
Cu(ΟΗ)2 (s) + 2Η2Ο 
5 K
=  Cu(ΟΗ)4
2-
(aq) + 2Η
+            (C.30) 
 
The values for log Kn at room temperature were calculated from the values of log K1 
and  the  hydrolysis  constants  recommended  in  the  IUPAC  book  “Pure  &  Applied 
Chemistry,  Chemical  Speciation  of  Environmentally  Significant  Metals”. 
[106]  The 
calculated log Kn are shown below in Table C.6, and used to produce the plot in Section 
2.4.1. 
 
Table C.6. Logarithmic solubility constants for Cu(OH)2. 
 
Temperature/ ºC  log K1  log K2  log K3  log K4  log K5 
25  8.67  0.72  -7.52  -17.93  -31.07 
 
 
 
C7. Silicon (IV) dioxide solubility  
 
Silicon dioxide dissolves to produce neutral or negatively charged species only (except 
for a small concentration of positively charged polymeric species under acid conditions 
at low temperature (< 100 ºC). It therefore has low solubility in acid solution and high 
solubility  in strongly  alkaline solution. The total  Si(IV)  concentration in solution is 
given by the formula 
 
- 2
4 2
-
4 3 4 4 SiO H SiO H SiO H Si(IV) C C C C + + =            (C.31) 
 
In figure 5.13, showing the solubility of SiO2 at room temperature, CSI(IV) is taken from 
direct measurement at different pH values. 
[259] At 195 and 200 ºC, the solubility can be 
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SiO2 (s) + 2H2O  
1 K
= H4SiO4 (aq)                 (C.32) 
SiΟ2 (s) + 2Η2Ο 
2 K
=  Η3SiΟ4
-
(aq) + Η
+              (C.33) 
SiΟ2 (s) + 2Η2Ο 
3 K
=  Η2SiΟ4
2-
 (aq) + Η
+              (C.33)  
 
The value of log K1 could be calculated from the experimental results of Gunnarsson 
and Arnorsson 
[112] relating  K1 to temperature 
 
Log K1 = -8.476 – (485.24/T) – (2.268 × 10
-6 × T
2) + 3.068(log T)    (C.34) 
 
Where T is in degrees Kelvin. A value for the first acid dissociation constant, KH1 = -
8.85 was obtained from the experimental results of Busey and Mesmer. 
[277] The second 
acid dissociation constant has not yet been obtained experimentally, so a value of KH2 = 
-10.89  was  calculated  using  the  data  of  Robbie  et  al. 
[131]  These  acid  dissociation 
constants were used to calculate log K2 and log K3, using the method described by 
equation C.12. The values of all log Kn are shown below in Table C.7, and were used to 
produce the plots in Sections 2.4.1, 5.4 and 6.3. 
 
Table C.7. Logarithmic solubility constants for SiO2. 
 
Temperature/ ºC  log K1  log K2  log K3 
195  -1.76  -10.60  -21.49 
200  -1.74  -10.55  -21.47 
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Appendix D: Hydrogen Adsorption Calculations 
 
 
 
D1. Derivation of Langmuir-Freundlich model 
 
This derivation can be found with more explanation in reference; 
[180] a summary is 
presented here.  
 
The absolute mass of hydrogen stored in a porous material is given by the sum of the 
mass of hydrogen in the adsorbed phase and in the bulk gas phase, i.e. 
 
(g) H (a) H 2 2 M M M + =                       (D.1) 
 
The mass of hydrogen in the bulk phase is given by: 
 
) ( (g) H2 a pores g V V M − = ρ                     (D.2) 
 
where ρg is the density of the gas phase, Vpores is the total pore (void) volume, and Va is 
the volume of the adsorption layer.  
 
As  the  solid  surface  is  covered  with  hydrogen,  the  surface  fractional  coverage  or 
occupancy ratio, θ, is given by  
 
m H q q
2 = θ                         (D.3) 
 
where  qH2  is the adsorbed  mass of  hydrogen, and  qm is the total adsorbed mass  of 
hydrogen  at  full  surface  coverage,  both  measured  per  unit  mass  of  solid,  i.e. 
s a H H M M q / ) ( 2 2 =  where Ms is the solid mass. Therefore,  
 
s m a H M q M ⋅ = θ ) ( 2                       (D.4) Appendix D: Hydrogen Adsorption Calculations  196 
   
 
Substituting the definition  
 
A H
H
m N A
S m
q
⋅
=
2
2                         (D.5) 
 
where S is the specific surface area of full coverage, mH2 is the mass of H2 in a.u., AH2 is 
the area occupied by one molecule of hydrogen, and NA is Avagadro’s number, we 
obtain 
 
θ S
N A
M m
M
A H
s H
a H ⋅
=
2
2
2 ) (                      (D.6) 
 
Substituting this definition of  ) ( 2 a H M  and the definition of  ) ( 2 g H M  in equation (D.2) 
into equation (D.1) gives the expression for the absolution mass of adsorption 
 
+
⋅
= θ S
N A
M m
M
A H
s H
2
2 ) ( a pores g V V − ρ                  (D.7) 
 
Assuming ideal gas behavior, 
RT
P mH
g
2 = ρ . It follows that 
 
RT
V V P m
S
N A
M m
M
a pores H
A H
s H ) (
2
2
2 −
+
⋅
= θ                 (D.8) 
 
The excess adsorption of hydrogen, Me, is defined by (see figure 2.15) 
 
a g a H g g e V M V M M ρ ρ − = − = ) ( 2                   (D.9) 
 
Τherefore 
 








−
⋅
=
RT
PV
N A
S M
m M
a
A H
s
H e
2
2
θ
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Va can be expressed in terms of the total adsorption volume Vm  at the saturation limit of 
the adsorbed layer by the expression Va = Vmθ. If we substitute this expression into 
equation (D.10), and let θ be expressed as a function of pressure such that θ = f(P), then 
 
= e M ) (
2
2
P f m
RT
PV
N A
S M
H
m
A H
s ⋅ 







−
⋅
              (D.11) 
 
To convert this into an expression for the gravimetric excess adsorption, me, defined as 
the excess adsorption per unit mass, we divide equation (D.11) by Ms, and redefine the 
units of  Vm as the total volume of the adsorption layer per gram of material. Thus: 
 
  ) (
2
2
P f m
RT
PV
N A
S
m H
m
A H
e ⋅ 







− =                (D.12) 
 
Several different  models  to describe f(P) can  be  substituted into this  equation.  The 
model used in this thesis was the Langmuir-Freundlich model, which states that 
 
LF
LF
n
LF
n
LF
P K
P K
/ 1
/ 1
1+
= θ                      (D.13) 
 
where KLF is the temperature-dependent Langmiur-Freundlich affinity constant, and nLF 
is a parameter associated with the degree of heterogeneity of the adsorbed gas. 
[297] 
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D2. Physical properties of hydrogen storage materials 
 
 
Table D.1. Physical properties of the nanomaterials measured for hydrogen adsorption. The 
symbol ρb is the bulk density of the material, and a, b and c are the unit cell parameters. The 
estimated density of the titanate Cd3[Fe(CN)6]2 composite provided here is an average of the 
densities of titanate nanotubes and bulk Cd3[Fe(CN)6]2, and the unit cell volume for titanate 
nanotubes is used as an approximation for the composite. 
 
 
                                                
‡ Estimated from the density of Al2SiO3(OH)4 
[308] using Mr (Ge) = 72.6 g mol
-1 and
 Mr 
(Si) = 28.1 g mol
-1. 
Material  ρb / gcm
-3  Unit cell / 
nm 
Vunit cell / 
cm
3 
Mr (unit cell) / 
gmol
-1 
Refs. 
Cd3[Fe(CN)6]2  0.45  a = 1.071  1.23 × 10
-21  761.1 
[215, 306] 
Titanate 
H2Ti3O7 
3.16  a = 1.602 
b = 0.375 
c = 0.919 
β = 101.5 º 
0.54 × 10
-21  258.1 
[62, 307] 
Titanate + 10 wt % 
Cd3[Fe(CN)6]2 
2.89  -  0.54 × 10
-21  308.4  - 
Ge-imogolite 
Al2GeO3(OH)4 
3.31
‡  a= 0.490 
b = 0.846 
c= 0.872 
γ = 78 º 
0.35 × 10
-21  242.6 
[308, 309] 
Nickel silicate 
Ni3Si2O5(OH)4 
2.82  a= b = 0.563 
c= 0.738 
γ = 120 º 
0.23 × 10
-21  380.3 
[308, 264] REFERENCES    199 
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